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1. INTRODUCTION 
Oats are the sixth largest cereal crop in the world but only small extent of the total oat 
production is used in human food formulations (Liu et al., 2000). Oat products are 
consumed as ingredients in baked foods or in porridge for many years due to their high 
percentage of nutritious protein (Rzedzicki, 1999). Oats are the source of low cost protein 
with a protein content of 15−20% (dry matter basis) in dehulled oat grain. Moreover, 
people who suffer from coeliac disease can tolerate oat protein due to the absence of gluten 
(Thompson, 2003; Ahokas et al., 2005). Although there is more nutritious protein present 
in oats than in wheat and corn, the use of oats in food products is still limited. High amount 
of lipid and fibre restrict the utilization of oats. 
Nowadays the interest of using oats in designing food products is increasing due to the 
high amounts of soluble fibre, i.e., β-glucan (Mohamed et al., 2009). Oat β-glucans are 
able to influence lipid mechanism in human organisms and lower the total level of 
cholesterol in blood. Oat β-glucans not only decrease the total blood cholesterol, but also 
decrease the low-density and very-low-density lipoprotein (LDL and VLDL) cholesterol 
and increase high-density lipoprotein (HDL) cholesterol. LDL and VLDL are often termed 
as bad cholesterol, while HDL is regarded as good cholesterol. Moreover, oat β-glucans 
can stabilize blood glucose level (Rzedzicki, 1999; Rzedzicki et al., 2000). Due to such 
health promoting properties, oat products have gained popularity to become as a part of 
human diet either as whole or as a fractionated form mostly as ready-to-eat (RTE) 
breakfast cereals, snack foods or bread (Mirmoghatadaie et al., 2009). Snack foods have 
become a part of the lifestyle especially in the Western countries and cereal grains are 
generally used as their raw materials. However, snack products are often termed as junk 
food as they tend to be low in dietary fibres and proteins with essential amino acids. 
Several studies have showed that food products containing oat β-glucan can have a 
cholesterol-lowering effect (Wood et al., 2007). In addition, the European Union has 
approved a health claim related to the blood cholesterol lowering effect of β-glucan (EU, 
2011). Therefore, snack food products could be produced by incorporation of oat 
ingredients to improve their nutritional value (Prinyawiwatkul et al., 1996; Thakur et al., 
2000). 
Oats are more challenging in extrusion compared to other cereals such as corn and wheat. 
Due to the high content of lipids and dietary fibres (Fornal et al., 1995), and relatively low 
content of starch, oats usually give poorly expanded and less crispy extrudates (Zarzyckki 
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et al., 2010, Gordon et al., 1986). The average percentage of lipids in oat grains is between 
3 and 11% (Chang et al., 1985; Vicidi et al., 2004), and the total dietary fibre content 
typically between 6 and 9% (Liu et al., 2000). Rzedzicki (1999) has even stated that it is 
not possible to obtain good quality extrudates by using only oat fractions. Cereal fractions 
rich in dietary fibre have poor gas-holding capacity during extrusion cooking, which makes 
it difficult to manufacture expanded products. In addition, high-fibre cereals often give 
hard texture to the final product thus fail to be accepted by the consumer. Therefore, 
processing of oat products by extrusion is difficult as oats contain high amounts of fibre, 
which caused poor formation of air bubbles in the extruded mass (Yao et al., 2006). Less 
expanded, hard and dense extrudates containing oat β-glucan are reported in many studies 
(Liu et al., 2000; Yao et al., 2006). Oat ingredients could be blended with other cereal 
flours and starch to obtain puffed snacks with desired morphological, structural and 
sensorial properties (Liu et al., 2000). 
Wicklund (1995a) reported that extrudates made from whole grain oat flour were hard, 
dense and less expanded. Many researchers reported that increasing oat flour content in the 
extruded mass decreased the expansion of the extrudates, while addition of corn flour 
increased expansion (Liu et al., 2000; Holguin-Acuna et al., 2008). Addition of oat bran 
(10–50%) to the mass has shown to increase the hardness and decrease the expansion of 
the extrudates (Lobato et al., 2010, Wicklund 1995a). However, addition of oat bran up to 
20% has given expanded, porous and low density extrudates, but more than 30% addition 
caused non-expanded extrudates (Rzedzicki 1999, Rzedzicki et al., 2000).  
 
This study aimed to understand how different oat fraction affects the physical properties of 
extrudates. In many studies it has been observed that use of fat-containing oat fractions 
resulted low-quality extrudates. Therefore, defatted oat fractions were used in this study to 
observe how defatting of oat fractions enabled the production of expanded extrudates. One 
of the main objectives of this study was to determine the effects of extrusion process 
variables on the physical properties of oat-containing extrudates. 
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2. LITERATURE REVIEW 
2.1. Oats and its components 
Oats are a common northern cereal and belong to the Poacea family (Butt et al., 2008). 
Oats have been used in the Nordic diet for almost two thousand years. However, they have 
been replaced more and more by other cereals since the beginning of the 19
th
 century. 
Nowadays oats have regained a new interest due to its health-promoting effects (Duss et 
al., 2004). Oats are a difficult raw material for bread making due to the absence of gluten 
compared for example to wheat.  Therefore, oats are often used in porridge, breakfast 
cereals or in baking blended with wheat flour (Butt et al., 2008). The major components of 
an oat grain are starch, protein, lipids and dietary fibres along with other minor 
components. The protein content of oats is relatively high (Table 1) and the amino acids 
are nutritionally balanced compared to other cereal grains. Although oats contain almost 
the same amount of protein compared to other cereal grains, such as wheat, rye and barley, 
oats have a lower amount of prolamin. The amount of prolamin in oats is 10−15%, while 
wheat, rye and barley have 30−50% prolamin (Thompson, 2003). Oats are the only cereal 
grain which have the globulin as a major source of protein. The globulin belongs to the 
group of avenalin and accounts for 70−80% of the total protein (Lasztity, 1998). 
Dietary fibres of oats such as cellulose, lignin and non-starch polysaccharides (i.e., β-
glucan and arabinoxylan) have showed to prevent colon cancer. The soluble fibre of oats, 
commonly named as β-glucan, is known to reduce cholesterol and the risk of coronary 
heart disease. Oats may exert beneficial effect on controlling diabetes by reducing plasma 
glucose and insulin. Furthermore, oats may provide some health benefits through its minor 
components, such as tocopherols, tocotrienols and phenolic compounds (avenanthramides), 
based on their antioxidant activity (Peterson et al., 2004). Anti-cancer effects may also be 
provided by lignans and phytosterols of oats (Peterson et al., 2004). 
Whole oat kernel contains significant amount of β-glucan, which is distributed through the 
endosperm, but concentrated mainly in the aleuronic and especially in the subaleuronic 
layers. The level of β-glucan in oat grains varies between 3–8% depending on the variety 
and the growing environment e.g., climate and weather conditions (Butt et al., 2008). Hull 
is the outermost part of oat grain, which encloses the oat grain and comprised about 25% 
of the total grain weight. Dehulled oat grain is composed of three fractions: bran, starchy 
endosperm and germ. 
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Table 1. Average proximate composition of the major cereal grains 
Cereal grain Average composition without dehulling (% by weight of wet basis)
1
 
Carbohydrate Protein  (Lysine) Fiber Fat Water Ash 
Barley 67.1 10.5 (0.40) 5.6 1.8 12.4 2.6 
Corn 70.8 9.6 (0.23) 2.0 3.9 12.2 1.5 
Oat 58.4 10.4 (0.39) 11.5 4.8 11.5 3.4 
Rice 65.1 8.3 (0.27) 9.4 1.6 11.2 4.4 
Rye 70.3 11.2 (0.39) 2.3 1.5 13.0 1.7 
Sorghum 71.4 10.6 (0.23) 1.9 3.0 11.2 1.9 
Wheat 70.0 12.0 (0.35) 2.5 1.7 12.1 1.7 
1
FAO, 1987. The data presented here represents the mean value of 14 various sources 
Bran consists of outermost pericarp, testa, nucellus, aleurone layer and subaleurone layer 
(Figure 1). The aleurone layer surrounding starchy endosperm contains large amount of 
protein and phenolic compound such as ferulic acid (Skoglund, 2008). Like barley, the 
main cell wall cementing material in oats is β-glucan (70–85%) that holds the cells 
together (Delcour et al., 2010). The second most abundant cell wall material in oats is 
arabinoxylan. The ferulic acid-arabinoxylan complexes are concentrated in the aleuron 
layer (Autio, 2006). The total amount of arabinoxylan in oat grain is lower than in other 
cereal grains with a value that varies between 2 and 3% (Izydorczyk et al., 2007). 
Bran contains approximately 50% of the total grain proteins. In addition, the minor 
components such as vitamins and minerals are mainly present in the bran fraction and to a 
lesser extent in the starchy endosperm and germ. Starchy endosperm constitutes of about 
55–70% of the total weight of the grain depending on variety. The great proportion of the 
lipids is mainly found in the endosperm (86–90%), followed by the bran and the germ of 
about 13% and 2.4% respectively (Skoglund, 2008). 
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Figure 1. The cross-section of an oat grain showing the major components: [adapted from 
www.oatsandhealth.org, by courtesy of VTT Technical Research Centre of Finland] 
 
  
Photographs: VTT 
Picture source: Webster, F. H. (1996), Oats: Chemistry and 
Technology. AACC, St. Paul, MN, USA, P.433. 
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2.1.1. Oat starch 
Starch is the most abundant component of cereal grains and mainly found in the 
endosperm. Starch granules are not attached firmly in the surrounding continuous protein 
matrix, as the protein is localized in discontinuous structures. The main difference of oat 
starch compared to other cereal starches is that it cannot be separated easily from other 
components of the grain due to the strong bonding between starch and protein and because 
of the presence of β-glucan (Autio et al., 2009). Therefore, starch industry does not use 
oats as the same extent as other grains such as maize and wheat. However, to achieve 
maximal usage of oats, an understanding of the morphology and functionality of oat starch 
is essential (Zhou et al., 1998). 
Starch is the most important ingredients in extruded products as it helps to increase 
expansion (Peterson, 2004). For a better expansion of the extruded product, starch content 
of the raw material should be 60–70% but in oat flour the percentage of starch is 44–61% 
(Fahrenholz, 1998). There are two types of starch molecules, one is linear amylose and 
other one is branched amylopectin (Regina et al., 2010). The amylose versus amylopectin 
ratio influences the physical properties of starch. During gelatinization, amylopectin tends 
to absorb more water and swell, while amylose restrains swelling (Regina et al., 2010). 
Waxy starches are rich in amylopectin and therefore absorb water at a greater extent than 
amylose (Fredriksson et al., 1997). Amylose molecules line up themselves more readily 
and form extensive hydrogen bonding because of their linearity. Therefore, more energy is 
required to break these bonds and gelatinize the starch. The high amount of amylose 
increases the hardness of the extrudates and reduced the expansion. On the other hand, 
amylopectin rich starches provide crispy and more highly expanded products (Sullivan et 
al. 2010). The amylose content of oat starch is about 25−30% (Peterson, 2004). 
Oat starch has different gelatinization characteristics; it has high shear susceptibility and 
thus behaves like waxy starch. After cooling, an unusually high viscosity is developed. 
Cooled oat starches are more elastic and adhesive, less firm and less susceptible to 
retrogradation compared to other cereal starches. Oat starch is usually a co-product of oat 
fractionation process and could be a good alternative in various applications, where other 
starches are typically used. For example, oat starch could be used in infant foods or in non-
food applications, such as in paper industry or in pharmaceuticals (Wang and White, 1994) 
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The gelatinization of starch is an important phenomenon for starch-based food products. 
Gelatinization occurs when the starch granules are heated in a presence of water. During 
gelatinization of starch, the granules first swell by absorbing water and then the amylose 
starts to leach out of the granules. This increases the viscosity of the solution (Koester, 
2008). In most cereal starches, for example wheat or barley, amylose is reported to be 
leached and solubilized prior to amylopectin during the heating. In oat starch, amylose and 
amylopectin are reported to co-leach from the granules (Shamekh, 2002). Oat starch has 
lower solubility and a little bit higher limiting viscosity compared to the wheat and corn 
starches. Only 17−26% of oat starch is reported to be solubilized when heated to 95 °C. 
Defatting of oat starch can increase the solubility of starch granule at lower temperatures 
(75−90 °C) but only a slight increase in the solubility was observed at 95 °C (Shamekh et 
al., 1994). However, during the gelatinization of oat starch, less amylose was solubilized 
compared to wheat and corn starch. The higher solubility of oat amylopectin was due to the 
different molecular weight distribution compared to the other cereal starches (Shamekh et 
al., 1994). The amylopectin weight average molecular weight (Mw, g/mol) of barley, corn 
and wheat were 1.3×10
8
, 4.9×10
8
 and 3.1×10
8
, respectively, which were significantly 
lower than in oat starch: 8.4×10
8
 (Jane, 2003; Stevenson et. al., 2007). 
The gelatinization enthalpy of oat starch is reported to be lower compared to other cereal 
starches. For example, the gelatinization enthalpies of wheat, rice and barley starch are  
11−12, 10−14 and 10.2−10.5 J/g, respectively, whereas 9.0−9.5 J/g for oat starch 
(Shamekh et al., 1994). Moreover, the pasting behaviour of oat starch also differs from 
other cereal starches such as wheat, barley and corn: during the cooling of a gel, oat starch 
can form paste at a higher temperature (80 °C).    
Starches containing high amylopectin require less severe extrusion cooking to become 
fully gelatinized compared to starches with high amylose content. During extrusion, the 
extent of gelatinization is dependent on the water content of the mass, extrusion 
temperature, torque and screw speed of the extruder (Koester, 2008). 
2.1.2. Oat protein 
The average percentage of protein in dehulled oat grain is about 12%, which is lower than 
in other cereal grains such as wheat, rye and barley. The percentage of protein in wheat, 
rye and barley dehulled grain is about 14, 13.5 and 13%, respectively, but the quantity may 
differ according to the growing region (Riahi et al., 2003). For example, North American 
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oats contain approximately 15–20% protein (Peterson, 2004). The primary storage protein 
in oats is globulin, while in the case of other grains the major storage protein is prolamin. 
The denaturation temperature of oat globulin is 110 °C (Ma et al., 2000) and occurrence of 
partial denaturation has been reported when the temperature reach 100 °C (Ma et al., 
2006). 
Oat globulin is rich in lysine; while other grains (e.g., corn, rice and wheat) contain low 
content of lysine. Therefore, in oat proteins amino acids are nutritionally more balanced 
compared to other cereal grains. In corn, sorghum and barley the occurrence of ‘high-
lysine’ mutants is common due to the reduction in the prolamin fraction. This is unlikely to 
occur in oat proteins as the prolamin content is already low. Oat protein concentrate can be 
made both by wet and dry extraction processes (Peterson, 2004).  High purity oat protein 
concentrates can be manufactured by wet extraction method, but it is not suitable for food 
industry due to the high processing costs. When using defatted oats in a dry fractionation 
process, an oat protein content up to 73% has been obtained. Oat proteins could be a good 
source of plant based protein (Sibakov, 2011) and could be used for example in non-dairy 
yoghurt type products (Kaukovirta-Norja et al., 2008; Sibakov, 2011). 
2.1.3. Oat fibre and β-glucan 
Dietary fibre is the edible part of the plants, which is resistant to human digestive system 
(Butt et al., 2008). According to AACC international, “dietary fibre is the remnants of the 
edible part of plants and analogous carbohydrate that are resistant to digestion and 
absorption in the human small intestine with complete or partial fermentation in the human 
large intestine. It includes polysaccharides, oligosaccharides, lignin and associated plant 
substances. Dietary fibres exhibit one or more of either laxation (fecal bulking and 
softening; increased frequency; and/or regularity), blood cholesterol attenuation, and/or 
blood glucose attenuation”. Depending on the solubility in water, dietary fibre can be 
classified into two categories: soluble and insoluble fibre. Soluble fibre such as gums, 
mucilages, pectin and hemicelluloses dissolve in the water. While insoluble fibre such as 
cellulose, lignin and remaining hemicelluloses does not dissolve in the water. Oats contain 
about 4.1 to 4.9% water soluble fibre (Tapola et al., 2009), which is mainly non-starch 
polysaccharide called β-glucan. β-glucan forms viscous solutions and thus increases the 
viscosity in small intestine. Therefore, intestinal transit delays and extends the digestion 
periods. Moreover, it has capability to delay gastric emptying process and to slow the 
sterol and glucose absorption in the intestine. Oat β-glucans (Figure 2) help maintaining 
14 
 
 
 
normal blood sugar levels and can be useful in decreasing blood cholesterol levels. On the 
other hand, oats contain 6−7% insoluble fibres (Tapola et al., 2009) and they are capable to 
absorb bile acids and due to a high water-holding capacity contributes to increased fecal 
bulk (Butt et al., 2008). Although having such positive physiological benefits, the daily 
intake of soluble dietary fibres, especially β-glucan, is below the recommended level (5–10 
g/day for adult) in most developed countries (Keenan et al., 2007; Drzikova et al., 2004). 
However, as much as 10–30 g/day for adults can provide additional LDL-lowering effects 
for some individuals (Keenan et al., 2007, Santillan-Moreno et al., 2009). 
                                               
 
 
 
Figure 2. [A] Distribution of β-glucan in the cell walls of oat grain (adapted from 
Lehtinen, 2009). [B] Microscopic picture of the cross section of oat grain showing the 
distribution of β-glucan in the cell walls of aleurone and sub-aleurone layer and is 
visualized as Calcofluor blue (by courtesy of VTT Technical Research Centre of Finland).  
[C] Chemical structure of oat (1→3), (1→4)-β-D-glucan and the building block cellotriose 
(Kivelä, 2011). 
Oat β-glucans are non-starch, linear and unbranched polysaccharides (Figure 2, C). The 
chemical structure of oat β-glucans are composed of β-D-glucopyranosyl units linked by β-
(1→4) and β-(1→3) links. About 70% of the linkages are β-(1→4) and the remaining 30% 
are β-(1→3) linkages (Duss et al., 2004). Oat β-glucan has been approved for a health 
claim in the USA under FDA (Food and Drug administration of USA) regulations since 
1997 due to its ability to lower blood cholesterol (FDA, 1997). Health claim related to 
blood cholesterol lowering effect of oat β-glucan also has been approved by European 
Food Safety Authority (EFSA, 2010). Both FDA and EFSA health claims are based on a 
daily intake of 3g oat β-glucan. However, the current average intake of β-glucan in the 
C 
B A 
β-glucan 
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USA is well below that is about 3–4 g/day for adult (Keenan et al., 2007; Reyna-Villasmil 
et al., 2007). 
2.1.4. Oat lipids and their removal 
Oat lipids are mostly present in the starchy endosperm and in the bran. Oats have 
significantly higher lipid content compared to other cereal grains. Depending on the variety 
of oats, lipid content of oat grains varies within a range of 3 to 12% (Wicklund et al., 
1997). About 80% of the total lipids remain in the endosperm, while endosperm of other 
grains usually contains about 50% of lipids. The aleuronic layers, which are concentrated 
into the bran, contain high amount of lipids. Like other cereal grains, the majority of oat 
lipids are composed of long chain fatty acids, such as triacylglycerols and other acyl lipids. 
The most of the studies have reported that the following fatty acids are the most common 
in different oat cultivars: palmitic acid (13–26%), stearic acid (1–3%), oleic acid (22–
47%), linoleic acid (25–52%) and linolenic acid (1–3%). About 95% of the total fatty acids 
are composed of these five fatty acids. Some studies have reported that oat cultivars 
contain also lauric, palmitoleic, arachidic acids (less than 0.1%), and unsaturated C20 acids 
(0.5–3.0%). Those studies have also reported that trace amounts of lignoseric and nervonic 
acids were present in some oat cultivars (Zhou et al., 1999). 
Oat lipid fractions can be classified as nonpolar (free or neutral) lipids and polar (bound) 
lipids. Polar lipids are typically used as emulsifiers while non-polar lipids can be used as 
vegetable oil. Among the nonpolar lipids, most abundant class is the triacylglycerols 
(33−79%) in various cultivars of oats in Canada, Finland and USA (Zhou et al., 1999). Oat 
kernels may contain 0.8–2.8% polar lipids on a dry weight basis, which is a mixture of 
phospholipids and glycolipids (Doehlert et al., 2010). The fatty acid composition is 
important from both nutritional and technological point of view. For example, linoleic and 
linolenic acids are termed as essential fatty acids in mammalian nutrition. On the other 
hand, palmitic acid increases oil stability by preventing peroxidation and linolenic acid 
causes oil instability (Zhou et al., 1999). Oat oil is favorable to use in foods as it contains 
high amount of monounsaturated oleic acid. It has higher extent of oleic acid compared to 
various healthy vegetable oil such as soybean and sunflower oil (Peterson, 2004). Although 
having some health benefits, oat lipids have showed to have excessive amounts of free 
fatty acids, which have adverse effects on the flavor and storage quality of oat containing 
products (Zhou et al., 1999). 
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Polar lipids can be extracted by polar solvents (Figure 3) such as methanol, ethanol, 
butanol or by chloroform, while nonpolar lipids can be extracted by non-polar solvents 
such diethyl ether, petroleum ether or hexane (Zhou et al., 1999). Although nonpolar 
solvents are very effective in removing nonpolar lipids, they are poor solvents for polar 
lipids particularly phospholipids. By using nonpolar solvents, 80−90% of the oat lipids can 
be extracted (Wicklund, 1997). There is an alternative lipid extraction and fraction process 
also available, which utilize super critical fluid particularly super critical carbon dioxide. 
Lipid extraction by using super critical carbon dioxide gives more homogenous nonpolar 
lipids compared to the extraction with traditional (e.g., hexane) non-polar solvents (Zhou et 
al., 1999). 
 
Figure 3. Composition of oat lipids (%) extracted from oats by using different solvent [Adapted from Zhou 
et al., 1999] 
The internal lipids located inside the starch granule is termed as starch lipids. By using 
polar solvent, extraction of starch lipids takes long time at ambient temperature. On the 
other hand, nonstarch lipids can be extracted within 10 minutes by using multiphase polar 
solvents such as EEW (ethanol-ether-water), WSB (water-saturated n-butanol) or BEW 
(benzene-ethanol-water). After removing nonstarch lipid, starch lipids can be extracted 
within 3 hours by using WSB system at 100 °C (Wicklund, 1997, Zhou et al., 1999). 
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2.2. Oat products 
In order to produce oat-containing food products, which are in line with the demand of the 
consumer, oats are usually cleaned, tempered, dehulled, cutted and milled. The cleaning of 
oats is carried out to remove dust, which usually disturbs further processing. Oats contain 
high levels of lipids. The lipase enzymes found in oats may catalyze hydrolytic reactions of 
lipids into fatty acids and further, when oxidized by lipoxygenase enzymes, give free fatty 
acids, which can cause rancidity of the final oat product (Skoglund, 2008). Therefore in 
food production, oats are heat treated in order to inactivate enzymes, which are responsible 
for the changes in lipids. Moreover, heat treatment also improves the flavour and 
inactivates microbial contaminants. After heat treatment the following step is dehulling. In 
dehulling, the grains are forced centrifugally against an impact ring, which removes the 
hulls from the grain. Subsequently, air classification separates the hulls from the dehulled 
grains (Skoglund, 2008). 
During milling of oat grains, steam is added to soften the grains so that they form flakes 
with a minimal breaking. The steaming process also helps to inactivate undesired enzymes 
and contributes to the formation of the flavour. Flaking of intact oat grains produces rolled 
oats of about 0.5–0.8 mm thickness. Thinner flakes could be produced by cutting the grains 
into pieces of about 0.25–0.40 mm thickness, which are often used for the production of 
instant cooking oat flour. After flaking, rolled oats are cooled down with air at 45 °C and 
the moisture content is kept approximately at 9–11.5% (Skoglund, 2008). By further 
milling of oat flakes, oat flour can be produced with the use of an impact-type mill. In the 
mill exhaust air is passing through the system to prevent relatively high fat oat flour to 
stick into the chamber of the mill. To make instant baby foods, drum drying process is 
commonly used, where rolled oats are milled and mixed with water. The oat slurry is then 
applied to steam-heated rotating rollers and produced thin film is further milled to obtain 
final product. However, defatting of oats may also be necessary to avoid the undesired 
blocking of the material flow. To remove lipids, several techniques can be applied, for 
example organic solvent (ethanol or n-hexane) or supercritical CO2-extraction (Mälkki, 
2001). 
Among different oat fractions (Table 2), the β-glucan enriched oat bran has attracted the 
most attention to be used in functional food formulations. Oat lipids, especially polar 
fractions, are also potentially valuable. Other fractions like starch and protein have 
received significantly smaller attention. Some of the minor components of oats, such as 
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polyphenolic avenathramides, can be used due to their anti-oxidative activity and health-
promoting properties (Peterson, 2007). However, these components are so small in 
quantity that they are less relevant for food applications.  
Table 2. Composition of different oat fractions 
Oat fraction Processing Starch 
content 
(%) 
Protein 
content 
(%) 
Total dietary 
fibre content 
(%) 
β-glucan 
content 
(%) 
Fat 
content 
(%) 
Ash 
content 
(%) 
Grains Dehulling grains 44−61 12–18 6–9 3–5 5–10 2–3 
Bran Dry milling 64−70 12–20 12–24 5–10 5–11 2–6 
Bran 
concentrate 
Solvent 
extraction and 
dry or wet 
milling 
n.a. 17–24 32–45 16–25 3–5 4–7 
Fine flour Dry milling 58−64 11–12 5–10 1–3 3–4 0.5–1 
Coarse flour Dry milling 65−77 19–20 5–10 1–5 4–5 2–3 
β-glucan 
concentrate 
Extraction 
and solvent 
isolation 
n.a. 7–22 n.a. 60–80 0.1–1 3−4 
Butt et al., 2008;  Doehlert et al., 1997, Fahrenholz, 1998; FAO, 1987; Mälkki et al., 2001; and Sibakov et 
al., 2011 
n.a.= not available 
2.2.1. Oat flakes 
Commercially available oat fractions include rolled oats and oat flakes. Rolled oats are 
produced by flaking whole oat grains, which are the thicker than oat-flake products. The 
flake thickness of rolled oats varies from 0.5–0.9 mm depending on their use in the food 
product. The thick flakes need longer cooking times than the thinner flakes, but have the 
ability to maintain flake integrity for an extended period. The majority of oat-based food 
products consists of flakes that may need further processing before inclusion into the final 
food product. Oat flakes are marketed as two forms such as quick and instant oat flakes. 
Quick oat flakes are usually 0.4–0.6 mm thick and produced from oat grains by cutting 
them into 3–4 pieces before final steaming and milling process. Quick oat flakes require 
shorter cooking time than whole oat flakes. On the other hand, instant oat flakes are 0.3–
0.5 mm thick and subjected to precooking, which results in rapid cooking (Oat ingredients, 
2010). 
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2.2.2. Oat flour 
Oat flour is finely ground material, which is obtained from clean dehulled oat kernels. By 
dry milling the oat grains, approximately 65% oat flour is obtained and about 35% remains 
as oat bran (Lim et al., 1992). Oat flour has high lipid content, which makes the flour 
sticky and thus difficult to handle in food processes (Liu et al., 2000). Oats have 
approximately 4.8−5.1% lipids of the whole grain and 6.4−7.2% lipids in dehulled grain 
(Fahrenholz, 1998; FAO, 1987). Therefore, oat flour is commonly blended with other 
cereal flours (20–50% of oats and 50–80% of other cereals) in food formulations (Cremer 
et al., 2003). However, different fractions of oats can be used in the formulation of various 
types of food products (Liu et al., 2000). 
2.2.3. Oat bran 
Oat bran is the fibre-rich outermost layer of oat kernel, prepared by milling clean oat grains 
and separated from flour by sieving (Gates et al., 2005). According to AACC committee 
“Oat bran is the food which is produced by grinding clean oat grains or rolled oats and 
separating the resulting oat flour by sieving, bolting, and/or other suitable means into 
fractions such as the oat bran fraction is not more than 50% of the original starting 
material, and has a total β-glucan content of at least 5.5% (dry weight basis) and a total 
dietary fibre content of at least 16% (dry weight basis), and such as at least one-third of the 
total dietary fibre is soluble fibre” (AACC, 1989). 
Oat bran contains approximately 6–16% dietary fibre of which almost one third is soluble 
fibre, such as β-glucan. Oat bran is used in various foods as it contains 17% protein, β-
glucan at least 8–12% and 16% total dietary fibre (Åman et al., 2004). Moreover, oat bran 
contains vitamins, minerals and approximately 8% fats (Butt et al., 2008). Oat bran is 
mainly used in food products to enrich nutritional value as it has been proved to reduce 
blood pressure, the risk of diabetes and coronary heart disease, as well as it may be capable 
of preventing cancer (Brown et al., 1999; Ripsin et al., 1992, Stevenson et al., 2008). 
2.2.4. Oat bran concentrates  
Oat bran concentrates are a coarse light brown fraction containing β-glucan up to 40% 
(Sibakov et al., 2009). Oat bran concentrate can be produced by reducing the amount of 
non-fibre components (Mälkki et al., 1993). To obtain oat bran concentrate, dehulled or 
naked oats are usually subjected to dry milling and classification to separate a coarse 
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fraction (containing cell wall material enriched in sub-aleurone layer) from the finer 
endosperm containing fraction. At the second stage, pre-enriched coarse fraction is 
subjected to dry milling and classification to separate the residual starch from the coarse 
material. Dry milling can be done by roller or impact mill, while dry classification is 
usually done by sieving or air classification. The prepared bran concentrate can be used in 
various food products, such as meat, ready-to-eat cereal bar, drinks and candies (Mälkki et 
al., 2003). 
2.2.5. Oat β-glucan concentrates 
Wet extraction methods 
Oat β-glucan concentrate can be prepared from the bran by extraction process using hot 
water or alkali followed by purifications and precipitation of the gum by alcohols or 
ammonium sulfate. The wet extraction of oat β-glucan fraction can be done by the 
following methods such as enzymatic hydrolysis of non-β-glucan components, acid, base 
or solvent precipitation and wet sieving of the water insoluble materials. By wet extraction 
method, up to 90% β-glucan content can be achieved in the extracted fraction. An example 
of enzymatic hydrolysis of non-β-glucan components is α-amylase induced hot water 
extraction method developed by United States Department of Agriculture (USDA): After 
the extraction process, solid particles containing β-glucan are separated out from the 
extracted fraction and dried (Inglett, 1989). To separate soluble fibre, further modification 
of the dried product is needed which is done by high-temperature mechanical shear. The 
obtained product gives the mixture β-glucan containing solids in water and non-soluble 
fibre. By filtration or centrifugation, non-soluble fibres can be removed and the liquid is 
dried to produce the soluble β-glucan concentrate (Inglett, 1995). 
Another wet extraction of β-glucan have been developed by the researchers of University 
Alberta, which is aqueous ethanol aided extraction followed by enzymatic treatment. By 
this method, starch and protein is hydrolysed but β-glucan remains insoluble. The recovery 
of the β-glucan concentrate is done by screening or filtering of the slurry (Vasanthan and 
Temelli, 2002). Enrichment of β-glucan can also be done by the method based on 
enzymatic treatment aided wet milling, followed by a sequence of process such as 
centrifugation, ultra filtration, freezing and  precipitation step (Kvist and carlsson, 2001; 
Kvist and Lawther, 2004).  
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There is a method available for β-glucan enrichment, which is an entirely aqueous method. 
In this method, starch is removed first by screening of the slurry of milled oat bran and 
cold water. To solubilize β-glucan, the material which does not go through the screen is 
extracted with alkaline solution. Further acidification can help to precipitate the protein. To 
collect β-glucan concentrate, remaining solution can be removed by evaporation or even 
micro-filtration (Potter and Fisher, 1999)  
Wet extraction method can separate the oat components into soluble and insoluble part 
with high purity in compared to dry extraction method. Sibakov et al. (2012) reviewed that 
“Wet processes are typically limited by high viscosity of the aqueous extracts even at low 
β-glucan concentrations, which leads to large liquid volumes and high costs related to 
drying and solvent recovery steps”.  Therefore, dry fractionation method would be more 
economical to develop food ingredient which needs less intensive drying with higher mass 
yield compared to the wet extracted highly purified β-glucan concentrate. 
Dry extraction methods 
The oat bran can be enriched in terms of β-glucan using dry fractionation processes of oat 
flour. Higher percentage of β-glucan can be achieved by dry fractionation processes 
compared to the traditional fractionation process. One of the most efficient dry 
fractionation processes (Figure 4) has been described by Sibakov et al. (2011). Firstly, oat 
flour is defatted by supercritical CO2 to remove lipids followed by milling and air 
classification so that the amount of β-glucan in the bran fraction increases. Removal of 
lipids before milling is important to guarantee that the different grain constituents (e.g., 
aleuronic cells walls, starch and proteins bodies) are more easily dissociated from each 
other (Heneen et al., 2009). Furthermore, lipid removal ensures more effective separation 
of protein, starch and bran. By this way, β-glucan content of the bran fraction can be 
increased up to 35% with a yield of 8–9%. The other fractions obtained by this process are: 
starch (ca. 75–80% yield, 70–80% starch concentration) and protein (ca. 5–10% yield, up 
to 70% protein concentration). This fractionation process is very promising as it can give 
fraction with 40% of β-glucan. The benefit of the process is that it obviates the need of 
expensive and energy-consuming drying processes (Sibakov et al., 2011). In previous 
studies β-glucan concentrations have been 18–25% when using non-defatted oats as raw 
material. Defatting with organic solvents has given a bit higher percentage (up to 27%) of 
β-glucan after using dry fraction methods (Mälkki, 2001). 
22 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Flow diagram of oat fractionation process by using supercritical carbon dioxide (SC-CO2) 
[Adapted from Sibakov et al., 2011] 
2.3. Oat in extrusion 
Oats encounter notable difficulties during extrusion (Fornal et al., 1995). The high content 
of lipids, low contents of starch and high fibre content make the selection of process 
difficult (Gordon et al., 1986; Zarzycki et al., 2010). Among the oat fractions, oat flour and 
oat bran can be used in extruded products. The major problem to use oats in extruded 
snacks is high lipid content (7–9%). For this reason, oats need higher amounts of energy 
input for cooking at low gelatinization temperature (Riaz, 2006). The high lipid content 
may decrease the conversion of starch through the lubrication effect of the starch melt. 
This lubricating effect may reduce the degree of gelatinization or prevent the starch from 
mechanical breakdown, thus reducing the expansion. Faubion and Hoseney (1982) studied 
that expansion of wheat starch extrudates was reduced when 1% lipids were added to the 
extrusion. Moreover, high lipid content may also reduce the friction between the dough 
and screw (Lin et al., 1997). Oats have high levels of dietary fibre, which also lead to poor 
1st Fine fraction 
(Endosperm flour) 
Dehulled oats 
Flaking 
Oat flakes 
SC-CO2 Extraction Lipid fraction Without lipid extraction 
Pin disc milling and 
air classification 
1st Coarse fraction 
(Oat bran concentrate) 
Pin disc milling and 
air classification 
Air classification 
2nd Coarse fraction 
(Oat bran concentrate) 
Coarse fraction 
(Starch concentrate) 
Fine fraction     
(Protein concentrate) 2
nd
 Fine 
fraction 
21% β-glucan 
34% β-glucan 11% β-glucan 77% Starch 73% Protein 
1% β-glucan 
3% β-glucan 
6%  Lipid 
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expansion of the extrudates. Therefore, oats are used in snack product usually at very low 
extent. Several studies have showed that increased dietary fibre content increased the 
hardness of the extruded snacks and decreased the expansion rate by rupturing the cell 
walls before the expansion of gas bubbles (Lue et al., 1991; Mendonca et al., 2000; 
Yanniotis et al., 2007). Dietary fibre particles usually decrease the expansion of extrudates. 
Therefore, extruded product with high fibre content is usually dense, hard and not crispy 
(Lue et al., 1991; Jin et al., 1994). Moreover, dietary fibre can also bind some water 
present in the matrix thus reducing its availability for expansion (Moraru and Kokini, 
2003). 
To get rid of the difficulties caused by oat lipids (for example unstable run of extruder and 
stack of oat fraction in the feeder), removal of oat lipids can be done before extrusion. 
2.3.1. Principles in the manufacture of snack foods by extrusion 
Breakfast cereals and expanded snack foods are usually porous, brittle and solid foams 
(Cremer et al., 2003). Extrusion cooking is a high temperature short time process which 
can be used to produce puffed snack products (Lobato et al., 2010). The extrusion process 
involves intense mixing of the raw material to obtain properly dispersed and homogenized 
dough (Yağcı et al., 2012). Raw materials are fed into the barrel of extruder continuously. 
The obtained products are called extrudates.  
A twin-screw extruder consists of two horizontal intermeshed screws inside a barrel. The 
screws are fitted so that they can rotate easily with each other and can simultaneously 
sweep the barrel’s edge. Sweeping of the screws is an important property by which mass 
inside the barrel comes out from the extruder continuously, even in a case of materials with 
high viscosity. To monitor the extrusion process, different kinds of sensors, such as 
thermo-couples and pressure sensors, are connected to the barrel and die of the extruder. 
Different segments of the barrel have usually individual temperature control (Yağcı et al., 
2012). 
The control of the extrusion process involves temperature profile within the extruder 
barrel, screw speed, feed rate and water content of the mass. These variables affect the 
physical properties of the extrudates (Rzedzicki et al., 2000). Water content of the mass 
has a great influence on the quality of extrudates. Low water content of mass is preferred 
as the expansion of extrudates usually increases when decreasing the water content of the 
mass (Yağcı et al., 2012). If the water content of the mass is too high, extrudates may 
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expand significantly but they collapse before cooling, causing hard and undesirable texture 
to the final product. 
The chemical composition of the raw materials, such as the percentage of protein, starch 
and lipids also affect the physical properties of the extrudates (Battacharya et al., 1994). 
Raw materials used in the extrusion process are conveyed through the barrel of the 
extruder and heated throughout the residence time. Inside the barrel, the mass temperature 
is above the normal boiling temperature of water, and the high pressure keeps water in 
liquid form. When the product comes out through the die, a sudden drop of the pressure to 
atmospheric pressure takes place. At the die exit the superheated water evaporates and 
causes expansion of the extrudates (Figure 5). As water comes out from the product in the 
form of steam, airs are trapped in the empty places. Therefore, product stretches and gives 
expanded extrudates (Yağcı et al., 2012).  
Shear force is defined as a force, which is applied parallel or tangential to material, which 
is opposite to the normal force applied perpendicularly. High screw speed increases shear 
force and controls mass temperature, torque and pressure, which in turn has an influence 
on the degree of expansion (Sokhey et al., 1994). 
 
Figure 5. Schematic diagram of the mechanisms in expansion [Adapted from Pai et al., 2009] 
2.3.2. Extrusion conditions 
The extrusion technology is a good way to incorporate dietary fibre fractions into the 
structure of the final product. Slight changes in process or in the composition of the raw 
materials, may result into remarkable changes in the quality of the extrudates. This can be 
observed especially in the case of the products containing increased amount of dietary fibre 
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(Desrumaux et al., 1999). Addition of large amount of oat fraction decreased expansion 
and increased hardness (Rzedzicki et al., 2000; Liu et al., 2000). The combination of low 
screw speed and lower water content can efficiently improve the quality of extrudates 
when using raw materials with high fibre content (Ainsworth et al., 2007; Stojceska et al., 
2008). Increasing the amount of starch content can also produce extrudates with increased 
expansion and reduced hardness (Stojceska et al., 2008). 
Although extrusion is a rather complex and difficult process, properly selected raw 
materials and processing conditions can provide extrudates with good physical properties 
(Zarzycki and Rzedzicki, 2009). The incorporation of dietary fibre components into 
extrusion process caused changes in the expansion, texture and density of the extrudates 
(Liu et al., 2000). Rzedzicki et al. (2010) reported that the maximal amount of oat fractions 
such as flour and bran in the extruded blends may be approximately 18%. Higher levels of 
oat components caused raw material slippage inside the extruder. Several studies show that 
good quality extrudates with only oat components were not possible to be produced by 
single screw extruder due to the high lipid content (Rzedzicki et al., 1999). 
Singh et al. (2006) reported that extrusion condition has significant effect on the nutritional 
quality of the food products. The nutritional quality of the extrudates can be improved by 
using substantially low temperature and high moisture content. Elongated residence time 
and reduced sugar content of the mass may also cause destruction of nutritional value. 
Therefore, to obtain nutritionally balanced extruded products along with good physical 
attributes, it is necessary to carefully determine the optimal processing conditions. 
Moreover, the choice and proper formulation of the raw material is also needed. Several 
studies have been carried out with oat fractions (Table 3), to evaluate the effect of 
processing conditions on the physical properties of extrudates, such as expansion, hardness 
and porosity. In addition, other properties, such as water absorption and water hydration, 
have to be optimized to improve the overall quality of extrudates. 
According to the literature, oat flour has been investigated more than oat bran in extrusion 
studies (Table 3). In most of these studies, oat fractions (flour and bran) are blended with 
corn flour or corn starch. Although 100% oat flour was used in some experiments, the 
percentage of oat fraction was below 40% in most of the experiments.  Oat fractions can be 
used in extrusion only when blended with other cereal flour or starch. In the previous 
studies, it was not possible to use oat bran alone without blending it with other ingredients. 
The feed rate varied in different experiments according to the size of the extruder (mostly 
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22–45 kg/h). The screw speed also varied according to the equipment used: in single screw 
extruders, the screw speed was lower (70–140 rpm) than in the twin-screw extruders (200–
400 rpm).  The barrel temperatures ranged between 70–220 °C and water content of the 
mass 11–33%. When the percentage of oat flour was increased, more water was needed. 
On the other hand, oat bran needed less water, as the percentage of oat bran increased, 
lower water content gave better expansion. 
Table 3. Recipe and processing condition used in several extrusion experiments 
Recipe Feed 
rate 
(kg/h) 
Screw speed 
(rpm), 
equipment 
Extrusion  
temperature (°C) 
Water content 
of the feed 
(%) 
Reference 
Whole and sifted 
oat flour (100%) 
22–34 300; twin-screw 
extruder 
120–180 
(barrel temperature) 
25–30 Wicklund 
1995a,b 
 
Wheat flour, wheat 
starch and oat flour 
40 300; twin-screw 
extruder 
(30–90)/(60–90) 
/(90–120)/(100–
150)/(125–175) 
(temperature profile) 
 
22–28 Singh et 
al.,1997 
Oat flour (55–
100%) and corn 
flour 
45 200–400; twin-
screw extruder 
n.a. 18–21 Liu et al., 
2000 
Corn semolina and 
oat bran (3–8%) 
n.a. 100; single 
screw extruder 
(125–160)/(145–
180)/130 
(temperature profile) 
12–16 Rzedzicki et 
al., 2000 
Corn flour, corn 
starch, oat flour 
(20%) and raw 
chickpea flour 
22–26 220–340; twin-
screw extruder 
110 
(barrel temperature) 
11–15 Ozer et al., 
2004 
Oat bran 
(20−80%) and corn 
semolina 
n.a. 
 
 
72; single and 
twin-screw 
extruder 
120-220 
(barrel temperature) 
15-3 Rzedzicki et 
al., 2005 
Oat flour (66%), 
wheat starch, sugar, 
salt and sodium 
bicarbonate 
2 230; twin-screw 
extruder 
125–180 
(barrel temperature) 
16–30 Yao et al., 
2006 
Corn bran and oat 
flour (50–100%) 
n.a. 140; single 
screw extruder 
70–100 
(barrel temperature) 
25 Holguin-
acuna et al., 
2008 
Oat bran (37.5%), 
defatted soy flour, 
corn starch 
n.a. 70; single screw 
extruder 
80/100/110–130 
(temperature profile) 
n.a. Lobato et 
al., 2010 
Oat flour, oat bran 
(5–15%) and corn 
flour 
n.a. 110; single 
screw extruder 
(125–160)/(145–
180)/120 
(temperature profile) 
 
13–16 Zarzycki et 
al., 2010 
n.a.= not available 
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2.3.3. Physical properties of the extrudates 
2.3.3.1. Effect of oat flour 
Among all components of oat flour, lipids and fibres have found to have the biggest 
influence during the extrusion, because they cause low expanded extrudates without proper 
crispiness work. Higher than 5% lipid content did not give desired properties for the 
extrudates in previous studies (Wicklund, 1995a,b). Increased porosity and decreased 
density was found when oat flour was blended with corn flour (Liu et al., 2000; Ozer et al., 
2004). Increasing the amount of oat flour content decreased the expansion and increased 
hardness of the extrudates, while addition of corn flour increased the expansion (Liu et al., 
2000; Holguin-Acuna et al., 2008). The reason for low expansion is the low quality of 
starch in oats, which contains small amount of amylopectin. Low expansion and hard 
texture might also caused by the high fibre content of oat (Wicklund, 1995b). Wicklund 
(1995a) reported that extrudates made of whole oat flour had more bulk density than the 
extrudates made from sifted oat flour. The removal of lipid and excess amount of dietary 
fibre can give better expansion to the extrudates (Kumagai et al., 1987; Wicklund, 1995a). 
2.3.3.2. Effect of oat bran 
Extrusion cooking of oat bran resulted in poor expansion as the bran particles tended to 
rupture the cell wall and make holes in the cells (Wicklund, 1995a). Water evaporates 
through these holes, which results dense and poorly expanded extrudates. Oat bran has 
been reported to reduce the expansion from 10–50%, depending on the processing 
condition and the composition of the raw materials (Wicklund, 1995a). Increased amounts 
of oat bran (e.g., 20–50% of solids) have showed to increase the hardness values (125–288 
N) and decreased radial expansion ratio (1.07–1.24) of the extrudates (Lobato et al., 2010). 
Another study showed that when the percentage of oat bran (9−18%) in the mixture was 
increased with temperature (140–180 °C), the radial expansion was found to decrease 
(Rzedzicki et al., 2000). Leu et al. (2000) and Rzedzicki et al. (2000) showed that 
increasing oat bran content decreased the porosity and increased the density of the 
extrudates. Addition of high percentage of oat components disturbed the extrusion 
(material sliding and unstable run of the equipment) in single screw extruder, which 
decreased the efficiency of the extruder. The researchers also claimed that it was not 
possible to obtain high quality extrudates by using only oat component in twin-screw 
extruder even though the trials were less unstable compared to the single screw extrusion. 
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Addition of a small amount of milk protein (0.5–1%) could give a slightly better expansion 
(Rzedzicky, 1999; Rzedzicki et al., 2000). Addition of whey protein concentrate (up to 
10%) or whey protein isolate (up to 25%) was reported to increase expansion in several 
studies (Faubion and Hoseney, 1982, Onwulata et al., 2001, Onwulata et al., 2008, 
Santillan-Moreno et al., 2009). Lobato et al. (2010) suggested that oat bran content of 
about 37% of solids could be blended with other ingredients to obtain good quality 
extrudates. They proposed that addition of inulin (a mixture of oligomers and polymers), 
4.5% of solids, could give increased expansion and decreased hardness of the extrudates. 
Rzedzicki (1999) and Rzedzicki et al. (2000) reported that oat bran content up to 20% of 
solids can give highly expanded porous extrudates with low density, if the percentage of 
oat bran is more than 30% in the mixture. They recommended that 9–12% oat bran can be 
added to obtain expanded products.  Higher percentage of oat bran addition probably 
increases the lipid and dietary fibre content of the mass, which might led to a deteriorated 
structure of the extrudates. 
2.3.3.3. Effect of oat β-glucan 
Oat β-glucan is present both in oat flour and oat bran. It affects the physical properties of 
the extrudates. Yao et al. (2006) studied the physical properties of extrudates made from 
two oat flours with different β-glucan contents. One of the flours had a higher percentage 
(8.1%) of β-glucan compared to another one (4.8%). Decreased expansion was observed 
with higher β-glucan containing oat extrudates when the water content of the feed was 
increased. Extrudates made from the lower β-glucan oat flour had higher expansion due to 
the high amount of starch (i.e., 63.3% compared to 54.4% in higher β-glucan oat flour). On 
the other hand, lower expansion of higher β-glucan extrudates might also be caused by the 
higher denaturation of proteins (Moraru and Kokini, 2003). The denaturation of protein 
means a destruction of both the secondary and tertiary structures of proteins. The hardness 
of the extrudates made from both flours was similarly affected by the temperature and the 
water content of the mass. The hardness of extrudates produced at the high extrusion 
temperature was lower. On the other hand, addition of higher amount of water during the 
extrusion resulted in increased hardness values (Yao et al., 2006).  
The extrusion at high temperatures and high shear conditions might also lead to a 
molecular fragmentation of β-glucan in oat flour, followed by possible inter-chain 
aggregations. The yield of soluble dietary fibre (SDF) from extruded oat bran has shown to 
be dependent on the moisture content of mass. For example, at 140 °C, the yields were 
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14.2, 12.6 and 11.5 g per 100 g sample at the water content of mass 10%, 20% and 30%, 
respectively. This was significantly higher than the yield of SDF from untreated oat bran, 
which was 8.9 g/100 g (Zhang et al., 2011). 
2.3.3.4. Effect of process variables 
Physical properties of the oat containing extrudates were influenced by the process 
variables such as screw speed, water content of the mass and temperature. The significant 
effect of feed rate had not been found in the cited studies. Ozer et al. (2004) concluded that 
increased screw speed is a critical factor to obtain highly expanded oat flour extrudates. 
This is due to the fact that increasing screw speed tends to increase the shear forces inside 
the barrel and giving more developed and uniform mass. Also increasing the screw speed 
has decreased hardness thus promotes crispy texture (Liu et al., 2000). Due to the high 
lipid content of oat flour, increased expansion was not observed with increasing screw 
speed (Ozer et al., 2004; Liu et al., 2000). 
Water content of the mass was reported to affect mostly the expansion and hardness of 
extrudates. Single screw extruder requires more water for the lubrication. Twin-screw 
extruder is less dependent on water content of the mass. However, Wicklund (1995b) 
showed that when oat flour is used in extrusion, more water is required even with twin-
screw extruder. In the study of Wicklund (1995b), low water content of the mass (15–18%) 
resulted poor expansion while higher water content up to 30% gave relatively more 
expanded extrudates. Liu et al. (2000) reported that when oat flour was used, water content 
of the mass had significant effect on expansion compared to the screw speed. They also 
showed that when the percentage of oat flour (55–100%) was increased in the mixture, the 
expansion ratio (2–4) increased with increasing water content of the mass (18–21%). High 
water content of the mass caused lower starch gelatinization and gave less expanded 
extrudates. However, in the case of oat flour the influence of water addition on expansion 
rate was related with the water binding effect of β-glucan and its indirect effect on 
viscosity. Moreover, high water content may also reduce the temperature of the mass as the 
friction between the screws and mass declines when water content increases. This 
interactive effect between the dough and screws may also be responsible for the poor 
starch gelatinization and may eventually lead to a reduced expansion of the product. 
Wicklund (1995a and 1995b) stated that the water content of the mass affected the bulk 
density when whole grain oat flour was used, but no significant effect was found for sifted 
oat flour. They also concluded that torque was significantly influenced by the water 
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content of the mass for both whole and sifted oat flour, while influence on the die pressure 
was small. Water content of the mass affects the porosity only at high screw speed. At high 
screw speed, porosity was found to increase with increasing water content of the mass. 
Expansion properties depend mainly on the extrusion temperature and the amylose content 
of the starch. Singh et al. (1997) studied the relation of temperature and water content of 
the mass on the expansion rate. At 125 °C, the expansion of the extrudates decreased with 
increasing water content. However, at temperatures higher that 125 °C, expansion of the 
extrudates remained less affected and started to increase with increasing temperature. 
Some researchers suggested that extrusion temperature 160–180 °C is good to produce 
highly expanded extrudates from oat flour (Kokini et al., 1992; Lobato et al., 2010; 
Wicklund 1995a and Wicklund 1995b). Wicklund (1995a) reported that increasing the 
extrusion temperature decreased the bulk density when sifted oat flour was used. 
Rzedzicki et al. (2000) showed than low screw speed and low water content might be able 
to give better physical properties to extrudates. They recommended that 9–12% oat bran 
could be added at low screw speed (100 rpm) and with low water content of the mass 
(13.5–14%) to obtain well expanded product. Rzedzicki et al. (2005) found out that more 
than 30% oat bran addition needs higher temperature (180–220 °C) even though the final 
product was found to be more compact due to the presence of high content of dietary 
fibres.  
2.4. Conclusion of literature review 
Based on several previous studies, it can be concluded that when using oat flour or oat bran 
in extrusion, it is quite difficult to obtain extrudates with desired physical properties. 
Extruded products from oat fractions are usually poorly expanded, hard and dense. 
Expansion and hardness of the extruded product depends on the composition and contents 
of the raw material and on several process variables. The high lipid and dietary fibre 
content of oat fractions are usually responsible for the poor physical properties of the oat-
containing extrudates. However, the lower gelatinization temperature of oat starch could 
offer some beneficial aspects when mixing heat sensitive compounds, such as vitamins and 
proteins. Relatively low starch content of oat fractions, size and the quality of oat starch 
may also be responsible of poor physical properties of the extrudates. High amount of lipid 
content is responsible for low expansion and dense extrudates. Therefore, the removal of 
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lipids from the oat fractions would be needed. In addition, pure starch, such as corn starch, 
can be blended with oat fractions to get better expansion. 
Along with raw material composition, process variables affect the physical properties of 
extrudates. The extrusion temperature has shown to have the greatest influence on the 
expansion and hardness of oat-containing extrudates. Increased temperature usually gave 
better physical properties. Generally, increasing screw speed increased the expansion and 
porosity of the extrudates. The screw speed had a different effect on the physical properties 
when oat bran and oat flour were used as raw materials. Lower screw speed gave better 
physical properties to the extrudates when oat bran was used in the experiments as it 
contains higher amount of dietary fibre than the oat flour. On the other hand, higher screw 
speed has shown to give better physical properties for oat flour. Water content of the mass 
had similar effect on the physical properties. Low water content of the mass gave better 
expansion for the extrudates made of oat bran and high water content of the mass for the 
extrudates made of oat flour. However, comparatively high water content might be needed 
for defatted oat flour to provide good lubrication effect inside the extruder barrel. There 
was no significant effect of the feed rate on the physical properties of the extrudates.  
However, in some cases the interactions of feed rate with the screw speed and the water 
content of the mass were found to be significant for the bulk density. 
Optimization of the formulation together with the process variables are the two most 
critical factors to obtain extrudates with desired textural and physical characteristics. 
Defatted oat flour (30–50% of the mixture) can be used in extrusion by blending it with 
other cereal fractions. Extrusion temperature, water content of the mass and screw speed 
should be ranged between 130–180 °C, 16–30% and 200–500 rpm, respectively. To 
increase expansion and reduce hardness, other cereal fraction such as pregelatinised or 
waxy corn starch can be blended with the oat fractions. 
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3. EXPERIMENTAL RESEARCH 
3.1. Aim 
The aim of this study was to test different oat fractions and find out the effects of extrusion 
process variables (screw speed, water content of mass and feed rate) on the physical 
properties (expansion, hardness and water content) of the extrudates. Torque and pressure 
at the die was monitored during the extrusions. Defatted oat endosperm flour (EF) was 
used as the main ingredient and whole grain flour was used as reference. Defatted oat 
protein concentrate, defatted oat bran concentrate and two different corn starches 
(pregelatinised and waxy) were mixed with the EF. This study aimed to explain how the 
addition of different ingredients such as oat fractions and corn starch affects the physical 
and chemical properties of oat endosperm flour -based extrudates. 
3.2. Overview of the study 
Extrusion trial was the main experiment to determine the physical properties of extrudates. 
9 separate extrusion trials were made to test different oat fractions. Chemical analysis was 
carried out to determine the β-glucan content of the extrudates. A flow diagram of the 
experimental study is shown in Figure 6. 
 
 
 
 
 
 
 
 
Figure 6. Flow diagram of the experimental design of this study 
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3.3. Material and methods 
3.3.1. Extrusion materials 
Extrusion trials were carried out by using defatted oat fractions such as endosperm flour 
(EF), whole grain flour (WF), bran concentrate (OBC, 213* μm), ultra-fine bran 
concentrate (UBC, 32* μm), enzyme-hydrolysed bran concentrate (EBC, 61* μm) and 
protein concentrate (PC). Oat flour containing starch (65%), protein (14.5%), lipids (5.7%) 
and 3.9% β-glucan was collected from a local flour mill (Riihikosken Vehnämylly, Pöytyä, 
Finland). Oat fractions for this study were dafatted from oat flour by using supercritical 
carbon dioxide (SC-CO2) extraction method developed by VTT Technical Research Centre 
of Finland. Endosperm flour and whole grain flour were used as main ingredients. To 
improve the nutritional quality of extrudates, different oat bran concentrates (Table 4) with 
30% β-glucan and oat protein concentrate with 60% proteins were added to the extrusion 
masses (Table 4). To improve the expansion, pregelatinised corn starch (CS) containing 
75% amylopectin and waxy corn starch (WS) containing 97% amylopectin was added with 
oat fractions in some trials. Pregelatinised and waxy corn starches were provided by 
Roquette Ltd., France. Salt (1% of solids) was used as an additive. 
Table 4. Chemical composition of the raw materials (all oat fractions were defatted) 
Name of the raw materials Starch 
content 
(%) 
Protein 
content 
(%) 
Lipid 
content 
(%) 
Fibre 
content 
(%) 
β-glucan 
content 
(%) 
Water 
content 
(%) 
Particle size 
D50* (μm) 
β-glucan 
Mw (kDa) 
Whole grain flour (WF) 65.6 17.2 2 6 4.9 8.7 98 1000 
Endosperm flour (EF) 69.8 16.7 1.5 2.5 1.6 8.8 18 1000 
Oat bran concentrate (OBC) 10 23.2 4.6 48.1 30 4.6 213 1000 
Ultra-fine oat bran 
concentrate (UBC) 
10 23.2 4.6 48.1 30 6.3 32 1000 
Enzyme-hydrolysed oat bran 
concentrate (EBC) 
10 23.2 4.6 48.1 30 9.6 61 50 
Oat protein concentrate (PC) 17.1 62 2.8 2 1 1.7 n.a. n.a.  
Pregelatinised corn starch 
(CS) 
98 n.a. n.a. n.a. n.a. 4.7 n.a. n.a.  
Waxy corn starch (WS) 98 n.a. n.a. n.a. n.a. 10.6 n.a. n.a.  
*D50 values indicating that 50% of the particles have a diameter under a certain level, were analyzed with a 
Beckman Coulter LS 230 (Beckman Coulter, Inc., CA, USA) using the wet module with distilled water as a carrier 
n.a.= not available 
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The chemical composition of the extrusion masses was calculated after mixing the raw 
materials (Table 5). Water contents of the raw materials were determined by taking 2 g of 
sample (in triplicate), drying them in an oven for 1 hour at 130 °C and cooling in a vacuum 
desiccator over phosphorus pentoxide (P2O5). After cooling, weight loss of the raw 
materials was measured by analytical balance (Presica Instrument Limited, Switzerland). 
Weight loss indicated the water content of the raw material. Water content of the raw 
materials was determined and taken into account in calculating the recipe (Appendix 1) of 
each extrusion trial. 
Table 5. Amounts of different ingredients and calculated chemical composition of the mass 
Trial Composition of extrusion masses (%) Starch 
content 
(%) 
Protein 
content 
(%) 
Lipid 
content 
(%) 
Fibre 
content 
(%) 
β-glucan 
content 
(%) 
EF WF OBC UBC EBC PC CS WS 
1 100        69.8 16.7 1.5 2.5 1.6 
2  100       65.6 17.2 2.0 6.0 4.9 
3 90  10      64.0 17.3 1.8 6.9 4.4 
4 90   10     63.8 17.4 1.8 7.1 4.4 
5 90    10    63.8 17.3 1.8 6.9 4.3 
6 90     10   64.9 21.0 1.6 2.5 1.5 
7 50  20    30  66.4 13.0 1.7 10.7 6.7 
8 50  20     30 67.0 12.8 1.6 10.5 6.6 
9 40  20   10 30  61.0 17.5 1.8 10.7 6.7 
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3.3.2. Extrusion design 
Extrusion trials with different recipes were carried out by using a co-rotating twin-screw 
extruder (Poly Lab System, Thermo Prism PTW24, Thermo Haake, Germany). Length (L) 
and diameter (D) of the screw was 672 mm and 24 mm respectively thus L/D was 28:1 
(Figure 7). Extruder barrel consisted of 7 sections each of which was 96 mm long, where 6 
had individual temperature control and heatable die of 5 mm diameter. Temperature 
profiles used in this study was 40, 70, 70, 100, 110, 130 and 130 °C in sections 1–6 and 
die, respectively. Temperature of the barrel was monitored by attached thermocouples, 
which supplied signals to the computer.  
 
Figure 7. Screw configuration and barrel temperature used in extrusion to process oat-based extrudates 
Extrusion trials (first 2) with endosperm flour and whole grain flour were made using Box-
Behnken’s experimental design (Table 6). Three independent variables of the Box-
Behnken’s design were: water content of the mass (16, 18 and 20%), screw speed (240, 
370 and 500 rpm) and feed rate (68, 76 and 84 g/min). Water content of mass was 
controlled by adjusting the pump (Watson Marlow 505S, Watson Marlow Limited, 
Falmouth, Cornwall, England) to reach the desired value. During the extrusion processing, 
salt-water solution was pumped through rubber hose connected to the second section of the 
extruder barrel. In order to maintain the desired water content of the mass (16, 18 and 
20%), feed rate of water was adjusted during the extrusion. Extrusion trials (1 and 2) with 
100% endosperm flour and whole grain flour were done with the full experimental design.  
Remaining trials (3−9) were carried out with only experiment number 2 with highest screw 
speed (500 rpm), lowest water content of the mass (16%) and feed rate 76 g/min. Samples 
for each experiments were collected when extrusion process variables were reached to 
adjusted values and the conditions (torque and pressure) were stabilized. Torque and 
Source: Pilli et al., 2011(modified) 
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pressure was monitored during the sample collecting time and data was collected during 
the experiment. 
Table 6. Box-Behnken’s experimental design was used in first 2 trials 
Experiments x1 x2 x3 Water content of 
mass (%) 
Screw speed 
(rpm) 
Feed rate 
(g/min) 
11 1 0 −1 20 370 68 
3 −1 0 −1 16 370 68 
5 0 −1 −1 18 240 68 
7 0 1 −1 18 500 68 
15 0 0 0 18 370 76 
1 −1 −1 0 16 240 76 
*2 −1 1 0 16 500 76 
13 0 0 0 18 370 76 
9 1 −1 0 20 240 76 
10 1 1 0 20 500 76 
14 0 0 0 18 370 76 
6 0 −1 1 18 240 84 
8 0 1 1 18 500 84 
12 1 0 1 20 370 84 
4 −1 0 1 16 370 84 
Temperature profile: section 1−6 and die was 40, 70, 70, 100, 110, 130 and 130 °C 
*Trial 3−9 were performed with only experiment 2 
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3.3.3. Analyses 
3.3.3.1. Torque and pressure at the die 
The values of torque and pressure at the die was monitored and collected during the 
extrusion. Calculation of the average with ± SD (standard deviation) was done by 
Microsoft Office Excel, based on the torque and pressure at the die during the sample 
collecting time. 
3.3.3.2. Physical properties of extrudates 
Water content of the extrudates 
Water content of the extrudates from different trials was determined by drying of samples 
(small pieces) at 50 °C in a vacuum oven (Salvis Vacucenter VC 50, Switzerland) for 72 
hours and cooled (in a vacuum desiccator over phosphorus pentoxide, P2O5) for 1 hour 
before weighing dry weight by a balance (Presica Instrument Limited, Switzerland). The 
result was reported as an average of 2 replicates measurements for each experiment. 
 
 
Expansion of the extrudates 
Expansion of the extrudates was calculated by measuring the diameter from 1 point at the 
middle of the extrudates (10 replicates) from each experiment by using a vernier caliper. 
Samples were dried at 50 °C in a vacuum oven (Salvis Vacucenter VC 50, Switzerland) for 
72 hours and cooled (in a vacuum desiccator over phosphorus pentoxide, P2O5) for 1 hour 
before measuring the diameter. The result was reported as an average of 10 replicate 
measurements for each experiment.  
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Hardness of the extrudates 
Hardness of the extrudates was determined by using universal testing machine under 3-
point bending condition (Instron 4465, High Wycombe, United Kingdom). Hardness was 
also determined by using TA.XT2 Texture analyzer (Stable Micro System Ltd., 
Godalming, United Kingdom) under uniaxial compression condition. The results obtained 
from 2 different methods were compared. Extrudates were dried at 50 °C in a vacuum oven 
(Salvis Vacucenter VC 50, Switzerland) for 72 hours and cooled for 1 hour (in a vacuum 
desiccator over phosphorus pentoxide, P2O5) before measuring the hardness. The result 
was reported as an average of 5 replicate measurements for each experiment. 
Hardness was expressed in terms of resistance per millimeter, when aluminium cross head 
(3 mm thick) penetration was perpendicularly enforced under 3-point bending condition 
(Figure 8). The radial breaking of the samples was made by placing them over a sample 
holder (distance between two holding points was 9 mm). The speed of aluminium cross 
head was 5mm/min. The force resisting the movement of the aluminum cross head was 
monitored. Data (force/distance) was collected during the hardness measurements and later 
plotted in a scattered chart by using Microsoft Excel. A linear trend line was fitted to the 
linear part of the data with higher correlation to determine the slope. The slope further 
expressed by N/mm. 
 
 
 
 
 
 
 
 
Figure 8. Schematic diagram of the hardness measurement by [A] 3-point bending condition and [B] uniaxial 
compression 
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Texture of the extrudates 
Texture analysis by uniaxial compression (Figure 8) of the extrudates was determined by 
using TA.XT2 Texture analyzer (Stable Micro System Ltd., Godalming, United Kingdom) 
equipped with 5 kg load cell.  Extrudates was dried at 50°C in a vacuum oven (Salvis 
Vacucenter VC 50, Switzerland) for 72 hours and cooled for 1 hour (in a vacuum 
desiccator over phosphorus pentoxide, P2O5). Samples of texture analysis (30 samples 
from each trial) were made by cutting the extrudates of 10 mm (axial section) length with 
an electric saw (Power ST-WBS800, Taiwan Sheng Tsai Industrial Company Limited, 
Taiwan). 
Value of hardness, ratio of linear distance, crushing force and crispiness work was 
expressed in terms of resistance per millimeter, when the aluminium probe (25 mm 
diameter, cylinder) perpendicularly enforced under uniaxial compression condition. The 
samples were pressed by the aluminium probe with a constant rate of speed 60 mm/min 
with 70% strain (distance traveled by the probe). The force resisting the movement of the 
probe was monitored and the force deformation curve (Figure 9) was obtained to assess the 
mechanical characteristics of the extrudates samples. Hardness, ratio of linear distance, 
crushing force and crispiness work are calculated as following equations. 
Hardness = Fmax 
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Figure 9.  Force deformation curve obtained for 100% EF extrudates to assess the mechanical characteristics 
3.3.3.3. Visual analysis of the extrudates 
Visual inspection of the extrudates was done by taking images of the extrudates processed 
at same extrusion condition with experiment 2 (screw speed = 500 rpm, water content of 
mass = 16% and feed rate = 76 g/min). An electric saw (Power ST-WBS800, Taiwan 
Sheng Tsai Industrial Co. Ltd. Taiwan) was used to cut the extrudates of about 15 mm 
(longitudinal section) and 5 mm (axial section). Longitudinal section was further made by 
cutting the samples through the middle of the diameter. A millimeter scale was used in the 
background of the sample to show the expansion and size of the pores. Images were taken 
from a constant distance (15 cm form the objective lens) by AxioCam MRC, Carl Zeiss 
digital camera equipped with auto macro Olympus Zuiko objective (9−18mm f/4−5.6 lens 
for Olympus, Tokyo, Japan). For the image processing, Axiovision 3.1 software by Carl 
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Zeiss Inc. was used. Images were cropped at 100% magnification by using Microsoft 
Office. 
3.3.3.4. β-glucan analysis 
The β-glucan content was determined by the spectroscopic method 32-23.01 (AACC, 
1999) using the Megazyme β-glucan mixed linkage assay kit (Megazyme International 
Ireland Ltd., Wicklow, Ireland). Extrudates from experiment 2 of each trial (in total 9) 
were grounded at 12000 rpm using ultra centrifugal milling equipment (Retsch ZM 200, 
Haan, Germany). About 50 mg of ground samples and similar amount of standard S1, 
Megazyme (1-3) (1-4) β-glucan for barley flour control (4.1% β-glucan) and standard S2, 
Megazyme (1-3) (1-4) β-glucan for oat flour control (8.8% β-glucan) were also weighed. 
Duplicates were made for each sample as well as the standards. 
3.3.3.5. Statistical analyses 
Regression analysis (trials 1 and 2) was performed using Matlab program (The 
MathWorks, Inc., USA) and the response surface plots were made. Regression analysis 
was used to show the effect of extrusion process variables (screw speed, feed rate and 
water content of mass) on the response variables (torque and pressure at the die during 
extrusion, water content, expansion and hardness of extrudates). Coded values (−1, 0 and 
+1 to represent coded screw speed) were used to made response surface plots according to 
the regression models. The plots were graphically represented with the real values (e.g., 
240, 370 and 500 rpm to represent actual screw speed) and the effect of extrusion process 
variables (by placing them in X and Z axes) on the response variable (by placing in Y 
axis).  
The correlation between response variables (expansion, hardness and water content of 
extrudates, torque and pressure at the die) was calculated by PASW statistics (Version 17, 
SPSS Inc., Chicago, Illinois). The data were statistically processed at LSD (p < 0.01 and p 
< 0.05). 
The significance test of the average of the response variables (expansion, hardness and 
water content of the extrudates) were done to compare the properties of extrudates 
obtained from experiment 2. Statistical analysis was done by analysis of variance and LSD 
(p < 0.01) by PASW statistics (Version 17, SPSS Inc., Chicago, Illinois). 
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3.4. Results 
3.4.1. Torque 
Regression analysis showed that torque was significantly affected by screw speed (p < 
0.001), when using 100% EF or WF (Table 7): increased screw speed decreased torque 
(Figure 10). Regression model presented significant regression for both EF (p < 0.001) and 
WF (p < 0.01) and insignificant lack of fit (p > 0.05). Significant negative effect of the 
water content of mass o torque (p < 0.05) was found for 100% WF: increased water 
content of the mass decreased torque (Table 7). 
       
Figure 10. Response surface plots of the effects of water content of the mass and screw speed on the torque 
during extrusion of EF (A) and WF (B) 
During extrusion trial of 100% EF and 100% WF, torque was varied depending on the 
water content of the mass and screw speed. The torque was 43−60 Nm and 35−49 Nm for 
EF and WF, respectively. In both trials, lowest torque was obtained at highest screw speed 
and with highest water content of the mass. Addition of OBC did not affect torque but the 
addition of UBC and EBC lowered the torque a little bit (Table 8). The lowest torque was 
obtained among all trials when 30% WS added with EF and OBC. 
A B 
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3.4.2. Pressure at the die 
Regression analysis showed that pressure was negatively affected the water content of the 
mass (p < 0.001) when using 100% EF or WF: increased water content of the mass led to 
decreased pressure (Figure 11). Pressure was also negatively affected by the screw speed 
for both EF (p < 0.001) and WF (p < 0.05). Regression model presented significant 
regression (P < 0.001) for both EF and WF and insignificant lack of fit (p > 0.05). 
However, significant effect of feed rate (p < 0.01) was also found for the extrudates 
containing EF: increasing feed rate increased pressure at the die (Table 7). 
      
Figure 11. Response surface plots of the effects of water content of the mass and screw speed on the pressure 
at the die during extrusion of EF (A) and WF (B) 
During extrusion trials of 100% EF and WF, pressure was also varied depending on the 
water content of the mass and screw speed. The pressure was 41−78 bar and 34−69 bar 
with 100% EF and 100% WF, respectively. In both trials, lowest pressure was observed 
with highest screw speed and with highest water content of the mass. Addition of OBC did 
not affect pressure, but the addition of ultra-fine OBC and enzyme-hydrolysed OBC 
lowered the pressure (Table 8). Pressure at the die was lower with the addition of 30% CS 
than with 30% WS. The lowest pressure (28 bar) was observed when 30% CS was added 
in the mixture of 40% EF, 20% OBC and 10% PC. 
 
A B 
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Table 7. Coefficients of variable estimates from the regression models of the extrudates containing oat 
endosperm flour (EF) and whole grain flour (WF) 
Oat 
fraction 
Independent extrusion variables Response variables 
Expansion 
(%) 
Hardness 
(N/mm) 
Water content 
(%) 
Torque 
(Nm) 
Pressure 
(bar) 
EF 
Water content of the mass (%) −10*** 11.25 1.78*** 1.13 −9.88*** 
Screw speed (rpm) 27.75*** −27.5* −1.21*** −6.63*** −8.63*** 
Feed rate (g/min) 4.25 −1.25 0.04 1.50 4.50** 
Intercept 61.27*** 176.67*** 11.71*** 48*** 55*** 
R
2
 94.40 38.59 94.24 80.69 92.20 
P (lack of fit) 0.376 0.002 0.406 0.645 0.151 
WF 
Water content of the mass (%) −7.25*** −7.50* 2.01*** −1.75* −8.75*** 
Screw speed (rpm) 13.25*** −23.75*** −1.25*** −3.75*** −4.88* 
Feed rate (g/min) −1.00 −3.75 0.66** 0.75 −0.88 
Intercept 25.60*** 195.33*** 13.40*** 43.53*** 45.13*** 
R
2
 96.50 84.96 95.20 74.60 78.10 
P (lack of fit) 0.279 0.678 0.235 0.589 0.320 
 
Water content of the mass (%) × 
Screw speed (rpm) 
−2.75* n.a. n.a. n.a. n.a. 
Extrusion variables with significant effect on the response variables *p < 0.05; **p < 0.01; ***p < 0.001 
 n.a. = not available 
 
Table 8. Values of response variables in different extrusion trials at same extrusion condition: water content 
of the mass = 16%, screw speed = 500 rpm and feed rate = 76 g/min 
Trial Mixture composition (%) Torque 
(Nm) 
Pressure 
(bar) 
Water 
content (%) 
Expansion  
(%) 
Hardness  
(N/mm) 
EF WF OBC UBC EBC PC CS WS 
1 100        43 ± 1 57 ± 9 9.2 ± 0.3
a
 99 ± 8
a
 120 ± 50
abcdefgi
 
2  100       44 ± 1 50 ± 9 9.7 ± 0.1
b
 51 ± 4
b
 170 ± 30
abcdef
 
3 90  10      44 ± 2 58 ± 6 10.3 ± 0.1
bc
 72 ± 5
c
 140 ± 70
abcdef
 
4 90   10     40 ± 1 47 ± 7 11.6 ± 0.0
d
 76 ± 2
c
 150 ± 40
abcdef
 
5 90    10    38 ± 1 39 ± 7 12.5 ± 0.0
e
 71 ± 3
c
 130 ± 20
abcdefgi
 
6 90     10   41 ± 2 53 ± 8 10.5 ± 0.2
cg
 83 ± 6
d
 130 ± 30
abcdefi
 
7 50  20    30  42 ± 2 32 ± 7 11.0 ± 0.1
fg
 101 ± 5
a
 60 ± 10
aeghi
 
8 50  20     30 36 ± 1 39 ± 7 10.8 ± 0.1
fg
 128 ± 4
e
 60 ± 10
ghi
 
9 40 
 
20 
  
10 30 
 
42 ± 2 28 ± 6 11.1 ± 0.3
dfg
 91 ± 3
f
 80 ± 20
aefghi
 
EF = Endosperm flour, WF= Whole grain flour, OBC = Bran concentrate, UBC = Ultra-fine bran 
concentrate, EBC = Enzyme-hydrolysed bran concentrate, PC = Protein concentrate, CS = Pregelatinised 
corn starch and WS = Waxy corn starch. 
The values marked with different letters in a column were significantly different at the level 0.01 
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3.4.3. Water content of the extrudates 
Regression analysis showed that water contents of extrudates were significantly affected 
by screw speed (p < 0.001) and water content of the mass (p < 0.001) for both 100% EF 
and 100% WF extrudates (Table 7). The regression model presented significant regression 
(p < 0.001) and insignificant lack of fit (p > 0.05) for the extruates containing EF and WF. 
Screw speed had a negative effect on the water content of extrudates: increased screw 
speed decreased water content of the mass (Figure 12). In 100% WF extrudates, the water 
content of the extrudates was significantly increased with increased feed rate (p < 0.01). 
  
Figure 12. Response surface plots of the effects of screw speed and water content of the mass on the water 
content of the extrudates containing EF (A) and WF (B) 
Water content of the 100% EF extrudates (Table 7) varied depending on the water content 
of the mass. When water content of the mass was 16, 18 and 20%, water content of the 
extrudates varied between 9.2−11.3%, 10.8−13.6% and 12.1−14.7%, respectively. For 
100% WF extrudates (Table 8), the respective values were:  9.7−13%, 11.6−15.4% and 
14.5−16.8%. 
Water content of the extrudates was 10.3 and 10.5% when 10% OBC or 10% PC was 
added to the 90% EF mixture with 16% water content (experiment 2). Increased water 
content of the extrudates (11.6% and 12.6%) was found when 10% UBC or 10% EBC was 
added. Water content of the extrudates was 10.8% or 11.0% when 30% WS or 30% CS 
was added to 50% EF and 20% OBC, respectively (Table 8). 
  
A B 
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3.4.4. Expansion of the extrudates 
Regression analysis showed that expansion was significantly affected by the screw speed 
(p < 0.001) and water content of the mass (p < 0.001) in both trials with 100% EF and 
100% WF. The regression model presented significant regression (p < 0.001) and 
insignificant lack of fit (p > 0.05) for both trials (Table 7). There was no influence of the 
feed rate (p > 0.05) on expansion for both EF and WF extrudates. Increased amount of 
water content of the mass decreased the expansion of the 100% EF and WF extrudates. 
Highest expansion was achieved with highest screw speed in both trials (Figure 13). An 
interaction was found between the water content of the mass and screw speed (p < 0.05) 
for the expansion of the WF extrudates. 
    
Figure 13. Response surface plots of the effects of screw speed and water content of mass on the expansion 
of the extrudates made of EF (A) and WF (B) 
The extrudates made of 100% WF gave about half of the expansion compared to the EF 
(Figure 16 and 17). The expansion of the extrudates made of EF and WF varied between 
(29−99%) and (7−51%) respectively (data shown in appendix 2 and 3). The maximum 
expansion of the extrudates made of EF and WF was achieved in experiment 2, with the 
lowest water content of the mass (16%), highest screw speed (500 rpm) and feed rate (76 
g/min). The expansion of EF extrudates was almost double compared to WF (99% vs. 51% 
in Table 8). Addition of 10% oat bran concentrate (OBC) and oat protein concentrate (PC) 
to EF decreased the expansion in experiment 2 (Table 8). The expansion was lower (72%) 
with the addition of OBC compared to the addition of PC (83%). However, the particle 
size reduction or enzymatic hydrolysis of OBC did not significantly affect the expansion 
(71 and 76% respectively). 
A 
B 
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Addition of 30% corn starch increased the expansion of the extrudates. The increase in 
expansion was higher with waxy corn starch (128%) than with pregelatinised corn starch 
(101%). Reduced expansion (91%) was observed when 10% PC was added with 40% EF, 
30% pregelatinised corn starch (CS) and 20% OBC (Table 8). 
3.4.5. Hardness of the extrudates 
The regression model presented significant regression (p < 0.001) and insignificant lack of 
fit (p > 0.05) for 100% WF extrudates, while insignificant regression (p > 0.05) and 
significant lack of fit was found for 100% EF extrudates. Screw speed had the most 
significant negative effect (p < 0.001) on the hardness of the WF extrudates: increased 
screw speed decreased the hardness (Figure 14). Hardness of WF extrudates was also 
significantly affected by the water content of the mass (p < 0.05), increased water content 
of mass decreased hardness. There was no effect of feed rate on the hardness of WF 
extrudates (Table 7).  
 
 Figure 14. Response surface plots of the effects of screw speed, water content of mass on the hardness of the 
extrudates made of WF 
The hardness of the extrudates made of 100% EF or WF (appendix 2 and 3) varied 
between 120−280 N/mm and 160−230 N/mm respectively. The lowest hardness of the 
extrudates made of 100% EF was achieved in experiment 2, which had the highest screw 
speed (500 rpm) lowest water content of the mass (16%) and moderate feed rate (76 
g/min). On the other hand, lowest hardness for WF extrudates was achieved in experiment 
10, which was carried out using highest screw speed (500 rpm), water content of the mass 
(20%) and moderate feed rate (76 g/min). Therefore, in both 100% EF and WF extrudates, 
the highest screw speed gave the lowest hardness.  
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Addition of 10% PC or OBC into 90% EF increased the hardness (130 and 140 N/mm) of 
the extrudates. The use of ultra-fine bran concentrate (UBC) and enzyme-hydrolysed bran 
concentrate (EBC) did not significantly affect the hardness (Table 8).  
 
Figure 15. Hardness values obtained from 3-point bending condition and uniaxial compression. Samples 
were collected from experiment 2 and error bar shows (±) standard deviations. 
Reduced hardness was achieved when 30% CS or WS was added into 50% EF and 20% 
OBC. Addition of CS or WS reduced the hardness to 60 N/mm. However, hardness of the 
extrudates increased to 80 N/mm, when 10% of PC was mixed with 30% of CS, 20% of 
OBC and 40% of EF (Table 8). 
The standard deviation of the hardness value obtained with 3-point bending condition was 
high. Only 5 replicates were used for each experiment to measure the hardness of the 
extrudates. Hardness of the extrudates also measured under uniaxial compression method 
with 30 replicates to compare the results obtained with 3-point bending condition. Like 3-
point bending, extrudates made of 100% EF were less hard than the extrudates made of 
100% WF. WF samples were too hard to analyze with texture analyzer but under 3-point 
bending condition, it was possible to analyze all the WF samples even though they were 
the hardest samples (Figure 15). 
According to the uniaxial compression the hardness values declined with the addition of 
bran concentrate (OBC > UBC > EBC), but with 3-point bending, there was no effect of 
UBC and EBC on the hardness of extrudates (Table 9). However, high standard deviation 
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was still present in the hardness values obtained with uniaxial compression. Addition of 
30% WS gave less hard extrudates compared to the addition of 30% CS into EF-based 
extrudates. On the other hand, addition of CS and WS both gave similar results. However, 
addition of 10% PC with into EF-based extrudates increased the hardness in both 
measurement condition (Figure 15). 
Table 9. Values of texture analysis from different extrusion trials at same extrusion condition: water content 
of the mass = 16%, screw speed = 500 rpm and feed rate = 76 g/min 
Trial Mixture composition (%) Hardness 
(N) 
Ratio of 
linear 
distance 
Crushing 
force (N) 
Crispiness 
work 
(Nmm) 
EF WF OBC UBC EBC PC CS WS 
1 100        158 ± 40 3.5 ± 1 27 ± 10 3 ± 1 
2  100       n.a. n.a. n.a. n.a. 
3 90  10      253 ± 40 2.2 ± 1 31 ± 20 39 ± 50 
4 90   10     237 ± 60 2.6 ± 1 31 ± 20 29 ± 50 
5 90    10    204 ± 50 2.3 ± 1 14 ± 10 36 ± 40 
6 90     10   198 ± 40 3.0 ± 1 20 ± 10 13 ± 30 
7 50  20    30  186 ± 40 3.2 ± 1 24 ± 10 9 ± 20 
8 50  20     30 138 ± 30 4.0 ± 1 26 ± 10 1 ± 1 
9 40  20   10 30  157 ± 40 3.0 ± 1 13 ± 5 8 ± 10 
n.a. = not available (samples were too hard to analyze, texture analyzer stopped working during the 
measurements) 
EF = Endosperm flour, WF= Whole grain flour, OBC = Bran concentrate, UBC = Ultra-fine bran 
concentrate,    EBC = Enzyme-hydrolysed bran concentrate, PC = Protein concentrate, CS = Pregelatinised 
corn starch and WS = Waxy corn starch 
 
Table 10. Coefficients of correlation between the mechanical properties of oat containing extrudates 
 
 
 
  
Mechanical Properties  Hardness
a
 
(N) 
Ratio of 
linear curve 
Crushing force 
(N) 
Crispiness work 
(N/mm) 
Hardness
b
 
(N/mm) 
Hardness
a
 (N) 1 −0.819* 0.232 0.891** 0.752* 
Ratio of linear curve  1 −0.181 −0.877** −0.706 
Crushing force (N)   1 0.017 0.259 
Crispiness work (N/mm)    1 0.719* 
Hardness
b
 (N/mm)     1 
*Correlation is significant at the level 0.05. **Correlation is significant at the level 0.01 
a = hardness under uniaxial compression; b = hardness under 3-point bending condition 
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Texture of the extrudates 
The data from texture analyzer showed that hardness of the extrudates increased when 20% 
oat bran concentrates (OBC, UBC and EBC) added with EF (Table 9). Addition of waxy 
corn starch gave the lowest hard extrudates. It is clear that reduced hardness was found 
with the addition of oat bran concentrates (OBC > UBC > EBC). There was a correlation 
found between hardness and crispiness work of the extrudates made from oats (Table 10). 
Crispiness work of the extrudates was increased with hardness by uniaxial compression (p 
< 0.01) and 3-point bending condition (p < 0.05). The less crispy extrudates was obtained 
with the addition of waxy corn starch, while addition of bran concentrates increased the 
crispiness work. 
3.4.6. Visual analyses of the extrudates 
The visual inspection of extrudates was done from the samples of 9 separate trials, 
processed at the same extrusion conditions (experiment 2: screw speed 500 rpm, water 
content of the mass 16% and feed rate 76 g/min). The changes in physical attributes of the 
examined samples varied depending on the raw materials used. The images of the axial 
cross-section of extrudates showed that the size and shape depended on the pore 
distribution inside the extrudates (Figure 16).   
Extrudates made of 100% WF were less porous compared to the extrudates made of 100% 
EF. Therefore, WF extrudates were dark in colour, dense, less expanded and hard 
compared to EF extrudates. Addition of 10% bran concentrate (OBC, particle size: 
213μm), ultra-fine bran concentrate (UBC, particle size: 32μm) and enzyme-hydrolysed 
bran concentrate (EBC) decreased the pore size and made the extrudates less expanded and 
harder compared to 100% EF. In both axial and longitudinal cross-section images (Figure 
16, 17), there were no significant differences in the pore size of the extrudates made by 
adding different bran concentrate (OBC, UBC or EBC) into EF. Addition of 10% protein 
concentrate (PC) decreased the pore size of EF extrudates. In addition, the pores were not 
evenly distributed compared to EF extrudates. Therefore, the shape of the extrudates was 
affected and extrudates were not straight anymore (Figure 16, 17). Addition of 
pregelatinised corn starch (CS, 75% amylopectin) and waxy corn starch (WS, 97% 
amylopectin) increased the pore size and gave a lighter colour to the extrudates. Although 
20% OBC was added, the size and number of the pores increased when CS or WS were 
added. Extrudates containing WS (Figure 16, 17) were more porous compared to those 
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with CS (Figure 16, 17). Addition of 10% protein with 30% CS decreased the pore size but 
pores were evenly distributed to the axial and longitudinal structure (Figure 16, 17). 
Extrudates containing 30% CS and WS were light in colour (yellowish) compared to other 
extrudates (more brown). It was noticeable that during the cutting of extrudates, it was 
difficult to have a clear-cut samples containing corn starch (CS and WS), due to the 
increased brittleness of the extrudates. 
 
 
Figure 16. Extrudates from 9 trials at same extrusion condition (exp. 2: screw speed=500 rpm, water content 
of mass=16% and feed rate=76 g/min). The recipes of the samples were: 
[1] EF (100%), [2] WF (100%), [3] EF (90%) + OBC (10%), [4] EF (90%) + UBC (10%), [5] EF (90%) + 
EBC (10%), [6] EF (90%) + PC (10%), [7] EF (50%) + OBC (20%) + CS (30%), [8] EF (50%) + OBC 
(20%) +WS (30%), [9] EF (40%) + OBC (20%) + WS (30%) +PC (10%) 
[7] [8] [9] 
[1] [2] [3] 
[4] [5] [6] 
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Figure 17. Extrudates from 9 trials at same extrusion condition (exp. 2: screw speed=500 rpm, water content 
of mass=16% and feed rate=76 g/min). The recipes of the samples were: 
[1] EF (100%), [2] WF (100%), [3] EF (90%) + OBC (10%), [4] EF (90%) + UBC (10%), [5] EF (90%) + 
EBC (10%), [6] EF (90%) + PC (10%), [7] EF (50%) + OBC (20%) + CS (30%), [8] EF (50%) + OBC 
(20%) +WS (30%), [9] EF (40%) + OBC (20%) + WS (30%) +PC (10%) 
  
[1] [2] [3] 
[4] [5] [6] 
[7] [8] [9] 
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3.4.7. β-glucan analysis 
The β-glucan analysis showed that EF extrudates with 20% added oat bran concentrate had 
the highest β-glucan content, 7.1–7.4%, whereas 100% EF extrudates had the lowest β-
glucan content, 1.5% (Table 11).  
Addition of 10% oat protein concentrate (PC) did not significantly increase the β-glucan 
content of extrudates. Whole grain flour (WF) alone provided high β-glucan content to the 
extrudates. Addition of 10% of oat bran concentrate (OBC, UBC or EBC) increased the β-
glucan content up to 4.6–4.9% (dry weight).  In trial 8, when 20% OBC and 30% WS was 
added with EF, the most expanded and less hard extrudates were obtained with the high β-
glucan content. 
Table 11. Values of β-glucan content in the extrudates from different trials at same extrusion condition: 
water content of the mass = 16%, screw speed = 500 rpm and feed rate = 76 g/min 
Trial Mixture composition (%) β-glucan 
of weight 
(%) 
Water 
content 
(%) 
Dry 
weight 
(%) 
β-glucan of 
dry weight 
(%)  EF WF OBC UBC EBC PC CS WS 
1 100        1.3 ± 0.0 9.2 90.8 1.5 
2  100       4.7 ± 0.2 9.7 90.3 5.2 
3 90  10      4.2 ± 0.3 10.3 89.7 4.6 
4 90   10     4.4 ± 0.1 11.6 88.4 4.9 
5 90    10    4.1 ± 0.1 12.5 87.5 4.7 
6 90     10   1.6 ± 0.0 10.5 89.5 1.8 
7 50  20    30  6.3 ± 0.1 11.0 89.0 7.1 
8 50  20     30 6.6 ± 0.1 10.8 89.2 7.4 
9 40  20   10 30  6.4 ± 0.0 11.1 88.9 7.2 
Standard 1: Megazyme (1-3) (1-4) β-glucan, barley flour 
control, 4.1% β-glucan 
3.7 ± 0.2 10.9 89.1 4.2 
Standard 2: Megazyme (1-3) (1-4) β-glucan, oat flour control, 
8.8% β-glucan 
8.2 ± 0.3 10.7 89.3 9.2 
EF = Endosperm flour, WF= Whole grain flour, OBC = Bran concentrate, UBC = Ultra-fine bran 
concentrate, EBC = Enzyme-hydrolysed bran concentrate, PC = Protein concentrate, CS = Pregelatinised 
corn starch and WS = Waxy corn starch 
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3.4.8. Correlations 
The response variables of the extrudates containing 100% EF and 100% WF were 
statistically analyzed to find the correlation (Table 12). Torque presented correlation with 
all the response variables in 100% EF trial. All the response variables increased with 
increasing torque except expansion. Water content of the extrudates showed negative 
correlation with expansion of the extrudates containing 100% EF (p < 0.01): increased 
water content of the mass decreased expansion. However, a negative correlation (p < 0.05) 
was also present between expansion and hardness. 
Hardness showed positive correlation with torque and pressure (p < 0.01). Therefore, 
increased torque and pressure at die increased the hardness of the 100% WF extrudates. 
Like 100% EF, extrudates containing 100% WF showed negative correlation between 
expansion and water content of the extrudates (p < 0.01). Hardness also negatively 
correlated with expansion, which means increased expansion always tend to decrease the 
hardness of the extrudates. 
Table 12. Coefficients of correlation between different response variables of the extrudates containing oat 
endosperm flour (EF) and whole grain flour (WF) 
Oat 
Fraction 
Response variables Torque 
(Nm) 
Pressure 
(bar) 
Water content 
(%) 
Expansion 
(%) 
Hardness 
(N/mm) 
 Torque (Nm) 1 0.540* 0.635* −0.847** 0.593* 
 Pressure (bar)  1 −0.208 −0.296 0.192 
EF Water content (%)   1 −0.792** 0.498 
 Expansion (%)    1 −0.592* 
  Hardness (N/mm)     1 
 Torque (Nm) 1 0.668** 0.051 −0.439 0.758** 
 Pressure (bar)  1 −0.499 −0.004 0.643** 
WF Water content (%)   1 −0.835** −0.026 
 Expansion (%)    1 −0.638* 
  Hardness (N/mm)     1 
*Correlation is significant at the 0.05 level, **Correlation is significant at the 0.01 level 
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3.5. Discussion 
3.5.1. Effect of raw material on the physical properties of extrudates 
3.5.1.1. Effect of different oat fractions 
Addition of oat bran decreased the expansion of the extrudates made of EF. Rzedzicki et 
al. (2000) showed that addition of oat bran decreased the expansion of corn based 
extrudates when extruding a mixture of oat bran and corn semolina. According to Liu et al. 
(2000), extrudates made of 100% oat flour had a significantly lower expansion than the 
extrudates when corn flour was added with oat flour. When 100% WF was used in our 
experiments, extrudates were less expanded and harder compared to the EF extrudates. Liu 
et al. (2000) reported that addition of 15% of corn flour into oat flour significantly 
increased the expansion of the extrudates. In another study, addition of oat bran (up to 37% 
of solids) increased hardness of extrudates, while addition of corn starch (up to 25% of 
solids) into the mixture of oat bran and defatted soy flour decreased hardness (Lobato et 
al., 2011). In this study, addition of corn starch (30% of solids) to endosperm flour 
increased the expansion and decreased hardness significantly compared to the extrudates 
without corn starch. 
Lue et al. (1991) found that extruded cereal product with high dietary fibre content had low 
expansion with hard texture. Extrudate with high percentage EF and OBC in this study 
exhibited similar characteristics due to the high content of fibre. Stanley (1986) stated that 
the texture of extrudates was greatly influenced by the composition of raw materials. He 
observed that when higher amount of fibre was added to the extruded mass, hardness and 
density of the extrudates was increased. Similar results related to the increased hardness 
with high fibre content have also been shown by other researchers (Hsieh et al., 1991; Jin 
et al., 1995; Mendonca et al., 2000; Yanniotis, et al., 2007). Fibres rupture air cell walls of 
the extrudates, thus preventing the full expansion of air bubbles. This might be the reason 
for decreased expansion and increased hardness with increased amount of fibrous raw 
material, such as whole grain oat flour or oat bran (Lue et al., 1990). Mendonca et al. 
(2000) reported that the expansion of the extrudates made of a mixture of corn starch and 
corn bran decreased with increasing corn bran content. 
Rzedzicki (1998) recommended that the maximal amount of added oat bran would be 20%, 
when using 50% oat flour with 30% corn starch. Unstable run of equipment was observed 
in their study with higher addition of oat fractions, due to their high fat content. In this 
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study, the trial of defatted EF blended with 20% OBC and 30% CS was successful and no 
unstable run of the extruder was observed. The most probable reason is that oat fractions 
were defatted in this study. Use of 100% EF (defatted) extrudates were expanded and less 
hard although Rzedzicki (1998) reported that production of good quality extrudates was 
not possible with only oat-derived fractions (non-defatted), as the final products were hard 
and poorly expanded. 
3.5.1.2. Effect of corn starch 
Addition of corn starch (30% of solids) increased expansion and decreased hardness in this 
study (Table 6). The highest expansion and the lowest hardness of the extrudates obtained 
with the addition of 30% waxy corn starch. This was consistent with the study of Holguin-
Acuna et al. (2008). According to their sensory analyses, oat based extrudates containing 
30% corn starch had better physical properties. 
Most studies claimed that gelatinized starch plays an important role in expansion by 
providing the gas holding capacity for the extruded mass. On the other hand, ingredients 
such as protein and fibre, have been claimed to reduce the expansion (Guy, 1994; Moraru 
and Kokini, 2003). For a high expansion of the extrudates, minimal content of 60−70% 
starch is needed (Conway, 1971). The percentage of starch (61−69%) in the presnet study 
met this range. However, high percentage of protein (12.8−17.5%) and fibre (2.5−10.7%) 
in combination with higher percentage of β-glucan (1.3−6.3%) led to a lower expansion. 
In this study, more expanded and less hard extrudates were obtained with the addition of 
waxy corn starch (97% amylopectin) than normal pregelatinised corn starch (75% 
amylopectin) into a mixture of defatted EF and OBC. Similar observations were reported 
by several studies when amylopectin rich corn starch was used in the extrusion mass (Kim 
and Maga, 1987; Chinnaswamy and Hanna, 1988; Chinnaswamy and Hanna, 1990; 
Mertinez-Serna and Villota, 1992; Matthey and Hanna, 1997; Onwulata et al., 1998; Allen 
et al., 2007). Moraru and Kokini (2003) stated that amylopectin-rich starches caused 
higher expansion of the extrudates compared to amylose rich starch because amylose 
chains align themselves during the cooling after gelatinization. Therefore, it becomes 
difficult to pull them apart during the expansion. Moreover, the linear structure of amylose 
allowed increasing the viscosity of extruded mass. Li et al. (2004) found similar results 
when measuring the rheological properties of high amylose and amylopectin starches. 
They concluded that highly branched polymers (e.g., amylopectin) are favorable for the 
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expansion. Branched amylopectin is more susceptible to shear forces. Thus, the breakdown 
of amylopectin-rich starch occurs more easily than for the linear amylose-rich starch. 
3.5.1.3. Effect of protein 
The addition of defatted oat protein concentrate (10% of solids) to the defatted endosperm 
oat flour (containing 16.7% protein), with or without the addition of pregelatinised corn 
starch and oat bran concentrate, gave less expanded and harder extrudates than in the trials 
without addition of oat protein concentrate. The addition of protein has also shown to 
decrease the expansion in other studies (Hsieh et al., 1990, 1991; Jin et al., 1994). 
Moreover, expansion has shown to be dependent on the extrusion process conditions and 
the raw material composition of the extruded mass. Addition of protein in the extruded 
mass did not only decrease the expansion but it also increased the hardness and density of 
the extrudates (Chinnaswamy and Hanna, 1988, 1990; Matthey and Hanna, 1997; Allen et 
al, 2007). The reduced expansion of the extrudates was observed with increasing the 
percentage of starch rich in amylose and protein as these two molecules were tend to align 
themselves linearly (Kim and Maga, 1987; Colonna et al., 1989; Matthey and Hanna, 
1997). Matthey and Hanna (1997) proposed that this alignment of the molecules would 
favour the formation of amylose–protein complex. Therefore, these starch–protein 
interactions might inhibit the degradation of the starch in the extruder. Moreover, proteins 
may also affect the water distribution properties and contribute to the formation of 
extensive network during the extrusion process (Madeka and Kokini, 1992; Li and Lee, 
1996). 
Faubion and Hoseney (1982) reported that the effect of proteins on the expansion depends 
widely on their type and amount. Most studies reported that an addition of a small amount 
of protein may increase the expansion. However, when certain content exceeded, proteins 
tend to decrease the expansion of the extrudates depending on protein type e.g., for soy 
protein maximum addition content is 8%. In our experiments, addition of 10% protein gave 
slightly less expanded and harder extrudates compared to the trial with 100% EF. Lobato et 
al. (2011) stated that the addition of soy protein into a mixture up to 20−30% can decrease 
the expansion to about half compared to the extrudates without added protein. 
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3.5.1.4. Effect of fibre 
Extruded mass with high fibre content (about 7%) after the addition of various oat bran 
concentrates caused less expanded and harder extrudates. By the addition of corn starch, 
the expansion was able to be increased even in the trials with the highest fibre content 
(about 10.5%). Lue et al. (1991) also found that extruded cereal product with high fibre 
content had low expansion and hard texture. Mendonca et al. (2000) stated that extrudates 
made of corn flour resulted in less expanded and harder extrudates when the corn bran 
content was increased. Similar results were found when corn flour was extruded with 
various types of fibres such as flaxseed, stabilized oat, pure cellulose, soybean and sugar 
beet fiber (Chinnaswamy and Hanna, 1991; Hseih et al., 1991; Lue et al., 1991; Hu et al., 
1993; Jin et al., 1994, 1995; Ahmed, 1999; Onwulata et al., 2000). 
Some studies have concluded that not only lipid but also dietary fibre had major role in the 
expansion phenomenon (Su and Kong, 2007). In this study, the use of defatted oat fraction 
caused increased expansion even though high amount of fibre was present. Moraru and 
Kokini (2003) suggested that addition of fibres above a certain amount may disrupt the 
continuous structure of the extruded mass, impeding its elastic deformation during 
expansion. Fibres can also bind some water present in the matrix, thus reducing its 
availability for expansion. Jin et al. (1995) found that increased fibre content resulted in 
lower expansion with smaller air cells and thicker cell walls. 
During expansion, fibres tend to reduce the extensibility of cell walls. Insoluble fibre 
reduces the extensibility more than soluble fibre, such as β-glucan. Therefore, a greater 
percentage of insoluble dietary fibre in extruded mass may cause lower expansion of the 
extrudates. In this study, a high expansion was achieved even though up to 7.4% β-glucan 
(dry weight) was present. However, higher percentage of starch up to 67% was most likely 
responsible for the greater expansion. The reason for the increased expansion was a 
stretchable gas holding matrix in the extruded mass, provided by the high amount of starch 
(Chen et al., 2002). 
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3.5.1.5. Effect of particle size and enzyme hydrolysis of oat bran 
In the present study, the ultra-fine bran concentrate (UBC) did not show any difference in 
expansion compared to the untreated oat bran concentrate (OBC). The results were not 
consistent with the previous studies. Several studies have reported that more expanded and 
porous extrudates can be obtained by decreasing the particle size of the mass material 
(Moore et al., 1990; Lue et al., 1991). Generally, there was a negative relationship between 
the expansion of extrudates and the particle size of the raw materials. Halek and Chang 
(1992) observed a significant increase in the bulk density and hardness, when the largest 
particle sized materials were extruded at screw speed 300 rpm and high water content of 
the mass of 22% compared to the small particle size. Similar results found by Garber et al. 
1997, when they extruded corn flour of different particle size (50−1622 μm). Significant 
increase in the bulk density and hardness was found at the water content of the mass of 
22% with largest particle size (1622 μm) at screw speed 200 and 300 rpm. 
It is notable that addition of ultra-fine bran (UBC) made the extrudates less crispy than the 
bran concentrate (OBC). One of the possible reasons for the less crispiness of UBC 
containing extrudates is caused by the lowering of the particle size. When the particle size 
is smaller it might act as filler within the matrix and gives a rigid cell structure. On the 
other hand, coarse particle interferes with the matrix and finally gives a weaker structure 
which is easy to break. 
In this study only a small amount (10% of solids) of UBC was used, which was not enough 
to show the effect of lowering the particle size on the expansion and hardness. However, 
same amount of EBC was able to reduce the hardness even though the expansion was 
similar compared to the OBC. 
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3.5.2. Effect of process variables on the physical properties of extrudates 
3.5.2.1. Effect of screw speed 
In the present study, maximum expansion was obtained with the highest screw speed and 
with the lowest water content of the mass. Screw speed had significant effect on the 
expansion of oat-based extrudates as the expansion of both 100% EF and WF containing 
extrudates was affected by the screw speed, which is consistent with the finding of Ozer et 
al. (2004). They reported that screw speed and water content of the mass had a significant 
effect on the expansion, while the effect of feed rate was not found on expansion 
properties. Screw speed increased the shear forces inside the extruder barrel thus giving 
uniform and more developed mass with better expansion when exit the die. 
Liu et al. (2000) reported that screw speed had no significant effect on the expansion when 
100% oat flour was used. This might be caused by high lipid content of oat flour, which 
provided a lubrication effect into the extruder barrel. In this study, however, extrusions 
with defatted oat flours showed opposite results, where screw speed had the significant 
effect on expansion. Colonna et al. (1989) reported that when lipids were present, the 
modification of starch was less extensive. Therefore, removal of lipids may cause 
increased expansion with increased screw speed. On the other hand, increased screw speed 
might also decrease the hardness by increasing the product temperature, which usually 
causes higher expansion of the extrudates (Liu et al., 2000). In this study, hardness was 
greatly affected by the expansion of the extrudates: highly expanded extrudates were less 
hard in all trials. It is notable that in WF trial, screw speed affected expansion (p < 0.05) 
interacting with water content of the mass, which tend to reduced expansion. 
In present study, when screw speed was increased, a decrease in the die pressure was 
reported in trials with 100% EF and 100% WF. The inverse relationship between the die 
pressure and screw speed was also reported by Bhattacharya and Hanna (1987), Hsieh et 
al. (1991, 1993) and Liang et al. (1994). Increased screw speed caused a decrease in the 
filling of the extruder barrel, thus less extruded mass was accumulated at the die, leading to 
a decreased die pressure (Hu et al., 1993). High screw speed requires more energy, which 
raises the temperature of the product and hence lowers the viscosity of the mass. This 
usually leads to decreased pressure at the die (Harper, 1981; Janssen, 1989; Hu et al., 
1993). Willett et al. (1997) investigated that during the extrusion of corn starch, torque and 
pressure values were excessive at high screw speed when water content of the mass was 
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lower than 18%. However, in this study use of 30% corn starch did not cause excessively 
high pressure or torque even decreased torque was found with increased screw speed. 
3.5.2.2. Effect of water content of the mass 
In this study, water content of the mass affected all the response variables in WF trial and 
all except hardness and torque in EF trial. Water content of the mass caused reduced 
expansion of EF and WF extrudates. Water content of the mass was also affecting the 
expansion of WF containing extrudates interacting with screw speed (p < 0.05). Hardness 
of WF extrudates decreased with increasing water content but no significant effect (p > 
0.05) was found on the hardness of EF extrudates. Several studies have shown that 
increasing water content of the mass resulted lower degree of starch gelatinization during 
the extrusion process and the expansion was usually decreased (Kokini et al., 1992; Ilo et 
al., 1996; Parsons et al., 1996; Liu et al., 2000; Rzedzicki et al., 2000; Onwulata et al., 
2001; Ding et al., 2006;). Increasing water content of the mass might also decrease the 
temperature of the mass as water reduces the friction between the mass and the screws. 
This has a negative effect on the starch gelatinization and leads to a lower expansion of the 
product (Liu et al., 2000). According to Ilo et al. (1996), increased water content might 
also reduce the viscosity of the mass and leads to a decreased expansion. On the other 
hand, decreased water content of the mass increased the torque during an extrusion of oat 
and corn starch-mixture (Singh et al., 1997). Decreased water content of the mass can 
cause an increase in the viscosity, which usually leads to an increase torque (Garber et al., 
1997) and thus increased expansion. 
Hardness of the extrudates increased with increasing the water content of the mass. The 
increase of hardness of the extrudates is usually due to reduced expansion (Liu et al., 2000, 
Rzedzicki et al., 2000). However, in this study, increasing water content of the mass (p < 
0.01) decreased hardness of the extrudates containing WF. 
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3.5.2.3. Effect of feed rate 
In the present study feed rate did not have significant effect on the expansion and hardness. 
Only water content of the extrudates was affected by the feed rate in WF trial. Increased 
feed rate increased the water content of the extrudates. On the other hand, the only effect 
with EF was a small increase in the pressure at the die. In some experiments it was difficult 
to maintain the feed rate constant as the particle size of the flour was very small and 
stacked in the feeder. 
Many studies reported that feed rate did not have significant effect on its own but may 
affect hardness of the extrudates interacting with screw speed. Ozer et al. (2004) showed 
that feed rate did not affect the hardness without interacting with screw speed. In this 
study, no interaction between feed rate and screw speed was found. 
3.5.3. Correlations 
In general, there is an inverse relationship observed between the expansion and hardness. 
Decreased expansion always gives increased hardness (p < 0.05). Hutchinson et al. (1987) 
and Gogoi et al. (2000) also reported similar relationship between expansion and hardness. 
Moreover, extrudates were dense and tough when expansion was decreased (Kim and 
Maga, 1987; Lue et al., 1991; Mertinez-Serna and Villota, 1992; Matthey and Hanna, 
1997; Onwulata et al., 1998). Gibson and Ashby (1997) gave an explanation for the 
inverse relationship between expansion and hardness: expanded product has large cell and 
due to stretching, cell wall becomes thinner and the breakdown of the cell walls become 
easier during hardness measurement. In this study, water content of extrudates negatively 
correlated with the expansion of exrudates (p < 0.01). However, in this study, no 
correlation was found between hardness and water content of extrudates. 
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4. CONCLUSIONS 
This study showed that it was possible to use defatted oat fractions in extruded snacks. Due 
to the high fibre content of oat, it was quite difficult to obtain highly expanded and less 
hard extrudates. Low amount of amylase-rich starch was also responsible for the poor 
physical properties of oat-containing extrudates. However, addition of corn starch 
increased the expansion and decreased hardness.  
Extrusion trials with 100% oats have shown to be unsuccessful in many studies due to the 
high lipid content of oats. When using defatted oat endosperm flour, expanded and less 
hard extrudates, compared to the whole grain flour, were obtained. Although 100% 
endosperm flour did not provide extrudates with desired physical properties, mixing it with 
corn starch (30% of solids) gave less hard and more expanded product. Addition of oat 
bran concentrate decreased the expansion and increased the hardness of the extrudates. 
However, addition of oat bran up to 20% of solids in the presence of waxy corn starch 
(30% of solids) gave the most expanded and less hard extrudates. Addition of 10% oat 
protein concentrate had an adverse effect. Decreasing the particle size of bran concentrate 
(down to 32 μm) did not cause any significant change in the physical properties of the 
extrudates compared to the larger particle sized oat bran concentrate (213 μm). Use of an 
enzymatically hydrolysed bran concentrate did neither increase the expansion, but the 
hardness of the extrudates was slightly decreased. Using bigger amounts of ultra-fine 
milled and enzyme-hydrolysed bran concentrate (e.g., 20−30% of solids) might give more 
clear effect compared to untreated oat bran concentrate. In this study addition was only 
10% of the solids, so making the conclusion of the reduced particle size or molecular 
weight of β-glucan was rather difficult. 
The physical properties of extrudates were not only dependent on the composition of the 
raw material in the mass but also on several process variables such as screw speed, water 
content of the mass and feed rate. High screw speed and low water content of the mass 
gave expanded and less hard extrudates. The effect of feed rate was not predominant on the 
physical properties of extrudates. In the future, water content of the mass lower than 16% 
water content of the mass could be tested. There might be an effect of the barrel 
temperature on the physical properties, which was not considered in this study. Therefore, 
in the future, the effect of temperature (130, 150, 170 °C) could be tested rather than using 
a constant temperature (130 °C, at section 6 and die). 
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APPENDICES 
Appendix 1. Recipe of different extrusion trials 
Raw materials (%) in different extrusion 
trials 
EF 
(kg) 
WF 
(kg) 
OBC 
(kg) 
UBC 
(kg) 
EBC 
(kg) 
PC 
(kg) 
CS 
(kg) 
WS 
(kg) 
Total NaCl (gm) for salt-water 
solution (1 liter) 
16% 18% 20% 
EF*(100%) 10.90 − − − − − − − 10.90 94.70 74.40 60.70 
WF*(100%) − 10.90 − − − − − − 10.90 94.70 74.40 60.70 
EF(90%)+OBC(10%) 2.71 − 0.29 − − − − − 3.00 88.90   
EF(90%)+UBC(10%) 2.70 − − 0.30 − − − − 3.00 93.00   
EF(90%)+EBC(10%) 2.70 − − − 0.31 − − − 3.00 93.00   
EF(90%)+PC(10%) 2.72 − − − − 0.28 − − 3.00 88.90   
EF(50%)+OBC(20%)+CS(30%) 1.52 − 0.59 − − − 0.89 − 3.00 124.0   
EF(50%)+OBC(20%)+WS(30%) 1.49 − 0.58 − − − − 0.93 3.00 124.0   
EF(40%)+OBC(20%)+CS(30%)+PC(10%) 1.37 − 0.67 − − 0.34 1.01 − 3.39 124.0   
*Extrusion trials with full experimental design, other trials were done with only experiment number 2 
EF = Endosperm flour, WF= Whole grain flour, OBC = Bran concentrate, UBC = Ultra-fine bran concentrate, EBC = Enzyme-hydrolysed bran concentrate, PC 
= Protein concentrate, CS = Pregelatinised corn starch and WS = Waxy corn starch 
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Appendix 2. Values of response variables in different experiments of 100% endosperm flour (EF) trial 
Exp. Independent process variables Response variables 
Water 
content of 
mass (%) 
Screw speed 
(rpm) 
Feed rate 
(g/min) 
Torque 
(Nm) 
Pressure 
(bar)  
Water content 
of extrudates 
(%) 
Expansion 
(%)  
Hardness 
(N/mm) 
1 16 240 76 55 ± 2 78 ± 7 11.3 ± 0.3 34 ± 6 190 ± 40 
2 16 500 76 43 ± 1 57 ± 9 9.2 ± 0.3 99 ± 8 120 ± 50 
3 16 370 68 43 ± 1 61 ± 9 9.5 ± 0.3 72 ± 7 190 ± 20 
4 16 370 84 44 ± 2 64 ± 8 9.8 ± 0.1 81 ± 3 150 ± 30 
5 18 240 68 53 ± 2 55 ± 6 13.3 ± 0.6 29 ± 5 200 ± 40 
6 18 240 84 60 ± 2 73 ± 10 13.4 ± 0.1 33 ± 7 190 ± 50 
7 18 500 68 43 ± 2 41 ± 7 10.9 ± 0.6 74 ± 5 160 ± 60 
8 18 500 84 43 ± 3 51 ± 8 10.8 ± 0.6 93 ± 5 200 ± 60 
9 20 240 76 57 ± 2 53 ± 6 14.7 ± 0.4 26 ±6 280 ± 80 
10 20 500 76 43 ± 1 41 ± 7 12.1 ± 0.7 78 ± 7 160 ± 40 
11 20 370 68 45 ± 2 41 ± 8 13.6 ± 0.4 50 ± 6 150 ± 40 
12 20 370 84 49 ± 2 46 ± 7 13.6 ± 0.3 52 ± 8 150 ± 40 
13 18 370 76 48 ± 4 53 ± 9 10.8 ± 0.2 67 ± 8 170 ± 30 
14 18 370 76 50 ± 2 56 ± 8 11.2 ± 0.4 70 ± 4 170 ± 20 
15 18 370 76 44 ± 2 55 ± 8 11.5 ± 0.5 61 ± 7 170 ± 40 
 
Appendix 3. Values of response variables in different experiments of 100% whole grain flour (WF) trial 
Exp. Independent process variables Response variables 
Water 
content of 
mass (%) 
Screw speed 
(rpm) 
Feed rate 
(g/min) 
Torque 
(Nm) 
Pressure 
(bar)  
Water content 
of extrudates 
(%) 
Expansion 
(%)  
Hardness 
(N/mm) 
1 16 240 76 49 ± 2 69 ± 5 12.0 ± 0.1 18 ± 3 230 ± 50 
2 16 500 76 44 ± 1 50 ± 9 9.7 ± 0.1 51 ± 4 170 ± 30 
3 16 370 68 42 ± 2 54 ± 6 11.0 ± 0.0 32 ± 5 210 ± 50 
4 16 370 84 43 ± 2 45 ± 6 13.0 ± 0.1 30 ± 4 190 ± 30 
5 18 240 68 47 ± 1 49 ± 6 14.2 ± 0.0 14 ± 2 230 ± 30 
6 18 240 84 49 ± 2 47 ± 6 15.4 ± 0.1 14 ± 2 210 ± 30 
7 18 500 68 39 ± 1 39 ± 7 11.6 ± 0.0 40 ± 4 170 ± 40 
8 18 500 84 42 ± 2 42 ± 7 12.4 ± 0.1 39 ± 5 180 ± 20 
9 20 240 76 45 ± 2 39 ± 5 16.8 ± 0.0 7 ± 2 200 ± 20 
10 20 500 76 35 ± 1 34 ± 5 14.7 ± 0.1 29 ± 4 160 ± 30 
11 20 370 68 42 ± 2 37 ± 6 14.5 ± 0.1 21 ± 2 190 ± 10 
12 20 370 84 42 ± 2 38 ± 5 15.8 ± 0.0 16 ± 4 190 ± 50 
13 18 370 76 44 ± 1 44 ± 6 13.4 ± 0.4 24 ± 3 210 ± 50 
14 18 370 76 43 ± 2 42 ± 6 13.5 ± 0.0 23 ± 4 200 ± 20 
15 18 370 76 47 ± 1 48 ± 6 13.0 ± 0.2 26 ± 3 190 ± 20 
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Appendix 4. β-glucan analysis of extrudates processed at same extrusion condition 
 
 
 
 
 
 
 
 
 
 
 
 
 
8.46 
 (mg) m  Glucose) of μl (100 Abs
 100  Abs
  8.46  
W
F
  Abs  (%)glucan β
β -glucan content (as is basis) = ΔAbs × F × 94 × 1/1000 × 100/W × 162/180 = ΔE × F/W × 8.46 
Where, ΔAbs= Absorbance of reaction solution (i.e. after β-glucosidase treatment minus blank 
absorbance for same sample)  
(blank)Abs - average) (sample, Abs Abs  
F = Factor to convert absorbance values to micrograms of glucose 
= 100 (μg of glucose)/absorbance values for 100 μg of glucose 
94 = Volume correction factor (0.1 of solution from 9.4 ml was analyzed) 
1/1000 = Conversion from micrograms to milligrams 
100/W = Conversion to 100 mg of sample 
W = Sample weight in milligrams 
162/180 = Factor to convert from free glucose, as determined, to anhydro glucose, as occurs in β-
glucan. 
β-glucan contents on dry weight basis, using equation: 
β -glucan (dry weight) = β -glucan (as is) × 100/100 − moisture content, % 
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Data obtained from ß-glucan analysis        
Sample Measured 
abs. (avg.) 
Constant Fresh-
weight 
(mg) 
Glucose 
control abs. 
Constant ß-
glucan 
fresh 
Dry 
mass 
ß-
glucan 
dry 
ß-glucan 
dry 
(avg.) 
Stdev 
Barley flour control, water content 10.49% (Megazyme) 4.1% β-glucan (Dry weight) 
Control a 0.216 100 49.0 1.168 8.46 3.186 89.1 3.575 3.7 0.24 
Control b 0.238 100 49.3 1.168 8.46 3.489 89.1 3.916 
Oat flour control, water content 10.72%  (Megazyme) 8.8% β-glucan (Dry weight) 
Control a 0.485 100 49.2 1.168 8.46 7.140 89.3 7.996 8.2 0.32 
Control b 0.516 100 49.5 1.168 8.46 7.543 89.3 8.447 
           Samples              
(not diluted) 
Measured 
abs. (avg.) 
Constant Fresh-
weight 
(mg) 
Glucose 
control abs. 
Constant ß-
glucan 
fresh 
ß-glucan (avg.) Stdev Dev 
(%) 
1. EF 0.091 100 49.5 1.168 8.46 1.332 1.33 0.003 0.245 
0.092 100 49.6 1.168 8.46 1.336 
2. WF 0.333 100 49.7 1.168 8.46 4.846 4.71 0.192 4.071 
0.312 100 49.4 1.168 8.46 4.575 
3. EF+OBC 0.269 100 49.3 1.168 8.46 3.945 4.15 0.292 7.031 
0.299 100 49.7 1.168 8.46 4.358 
4. EF+UBC 0.303 100 49.3 1.168 8.46 4.444 4.37 0.105 2.399 
0.293 100 49.4 1.168 8.46 4.296 
5. EF+EBC 0.274 100 48.9 1.168 8.46 4.059 4.15 0.124 2.989 
0.287 100 49.1 1.168 8.46 4.234 
6. EF+PC 0.109 100 49.1 1.168 8.46 1.601 1.6 0.004 0.218 
0.11 100 49.4 1.168 8.46 1.606 
7. EF+OBC+CS 0.438 100 49.7 1.168 8.46 6.376 6.3 0.113 1.799 
0.421 100 49.0 1.168 8.46 6.216 
8. EF+OBC+WS 0.437 100 49.0 1.168 8.46 6.460 6.56 0.138 2.111 
0.453 100 49.3 1.168 8.46 6.656 
9. EF+BC+CS+PC 0.436 100 49.4 1.168 8.46 6.385 6.38 0.013 0.205 
0.436 100 49.6 1.168 8.46 6.367 
 
